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ABSTRACT 


Localized  cooling  of  furnaces  with  Jets  of  air  Is  common 
In  Industry.  The  particular  case  of  a  small,,  high  velocity 
slot  Jet  impinging  normally  on  a  plane  surface  is  studied 
experimentally  by  use  of  a  transient  method.  The  method  Is 
shown  to  be  of  use  In  determining  local,  as  well  as  average, 
heat  transfer  coefficients.  These  results  are  presented  In 
nondlmenslonal  form  which  will  facilitate  extension  to 
fluids  and  slot  dimensions  other  than  those  used  in  the  tests 
Some  limited  results  for  circular  Jets  are  also  included 
and  these  are  compared  to  the  slot  Jet, 
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NOMENCLATURE 


English  Letter  Symbols 


A 

A 

leak 

^forced 

b 

C 

c 

P 

c 

D 

G 

Sc 


h 

h-i  I 

leak 


K 

k 

£ 


L 


P„ 


2 

throat  area  of  nozzle,  in 

2 

surface  area  of  target  not  exposed  to  the  Jet,  in 

2 

surface  area  of  target  exposed  to  the  jet,  in 

slot  Jet  width  at  nozzle  exit,  ft 

target  thermal  capacity,  Btu/°F 

specific  heat,  Btu/(lbm°F) 

slot  Jet  length  at  nozzle  exit,  ft 

diameter  of  circular  nozzle,  ft 

hydraulic  diameter,  ft 

O 

mass  velocity  at  nozzle  exit,  lbm/(hrft  ) 
proportionality  factor  in  Newton's  Second  Law, 
32.20  lbm-ft/(lbf-sec^) 

local  heat  transfer  coefficient,  Btu/(hrft^°P) 

Q 

average  heat  transfer  coefficient,  Btu/(hrft  F) 
average  heat  transfer  coefficient  on  rear  of 
target,  Btu/(hrf t^°F) 

the  constant  in  Eq  (12),  dimensionless 

thermal  conductivity,  Btu/(hrf t^F) 

half  length  of  rectangular  target,  radius  of 

circular  target,  ft 

throat  length  In  nozzle,  ft 

ambient  pressure  ,  psla 

plenum  chamber  pressure,  ps1a 


Vi  11 


pressure  difference  across  nozzle j  psl 

potential  flow  pressure  along  target  surface,  psla 

heat  flux,  Btu/hr 

thermal  resistance,  (hr®P)/Btu 

model  temperature,  “P  or  millivolts 

plenum  chamber  temperature,  "R 

velocity  component  In  x-dlrectlon,  ft/hr 

average  velocity  at  nozzle  exit  plane,  ft/hr 

potential  flow  velocity  along  target  surface 

In  x-dlrectlon,  ft/hr 

centerline  velocity  of  jet  at  exit  plane  of 
nozzle,  ft/hr 

velocity  component  In  y-dlrectlon,  ft/hr 
ideal  flow  rate  through  nozzle,  Ibm/hr 
measured  flow  rate  through  nozzle,  Ibm/hr 
coordinate  along  target  surface,  ft 
coordinate  normal  to  target  surface,  ft 


Greek  Letter  Symbols 


v/edge  angle,  degrees 
nozzle  to  target  distance,  ft 
Impingement  angle,  degrees 
time,  sec 

viscosity,  lbm/(ft  hr) 
density,  ibrn/ft-* 


lx 


Non-Dimensional  Quantities 

C  nozzle  discharge  coefficient  = 

m  Euler  number  =  (x^)/(  puf/ag^  ) 

Nj^  ^  nozzle  Reynolds  number  =  (GDjj)/|-l 

plate  Reynolds  number  =  (G^)/m- 
N 

R,x  local  plate  Reynolds  number  for  potential  flow 

solution  =  (U^px)/U 

N„.  local  Stanton  number  =  b., /(Gc^) 

Nst  a.v  average  Stanton  number  = 

('^St,av)max  maximum  as  function  of  6^ 

local  Nusselt  number  =  (hx)/k 
Np  Prandtl  number  =  (pc  )/k 

y  aspect  ratio  of  slot  nozzle  =  b/c 

nozzle  compressible  flow  coefficient  In  the 
flow  metering  equation 
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I  INTRODUCTION 


The  use  of  Impinging  Jets  of  air  for  cooling  and  heating 
purposes  Is  conunon  In  Industry.  Thermal  treatment  of  surfaces 
such  as  the  toughening  of  glass  are  examples  of  such  industrial 
applications.  On  a  smaller  scale.  Jets  are  used  for  spot  cool¬ 
ing  of  electronic  components  and  for  thermal  development  of 
photographic  films. 

In  general,  two  types  of  Jets  have  been  used;  (l)  the 
circular,  or  axial  symmetric  jets,  and  (2)  the  slot  or  two 
dimensional  Jet.  One  limiting  case  of  the  slot  Jet  is  that 
where  the  Jet  intersects  the  surface  tangentially;  this  par¬ 
ticular  configuration  has  been  called  the  "wall  jet",  Figures 
la,  lb,  and  Ic  serve -to  describe  these  various  Jet  types.  The 

wall  Jet  has  been  investigated  both  analytically  and  experl- 
7  o  # 

mentally''  but  no  analytic  treatment  exists  for  the  heat 

transfer  characteristics  of  either  the  circular  or  slot  Jet 

at  impingement  angles  greater  than  zero.  The  circular  Jet 

1  2 

has  been  Investigated  experimentally  by  Gordon  and  Vickers 
for  the  case  of  normal  impingement,  0  =  90° >  and  Gordon  also 
studied  arrays  of  circular  Jets  impinging  normally. 

The  present  study  arose  out  of  a  need  for  heat  transfer 
coefficients  for  slot  nozzles  and  is  Intended  to  help  fill 
the  gap  in  this  area.  The  results  herein  are  mainly  concerned 
with  slot  nozzles  in  their  most  common  applied  configuration, 
90°  or  normal  impingement.  This  report  also  presents  some 
limited  results  that  were  obtained  v/lth  one  size  of  circular 
Jet  impinging  normally,  but  these  are  very  limited  and  are 
given  only  to  provide  a  preliminary  comparison  v^ith  the  more 
complete  slot  Jet  results.  Presented  are  the  results  of  only 
the  first  part  of  a  program  which  will  eventually  cover  both 


Raised  numerals  denote  Refei^ences. 
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the  slot  and  circular  Jets  impinging  at  various  angles  on 
both  plane  and  rounded  surfaces. 

It  was  decided  to  build  an  apparatus  which  would  approx¬ 
imate  "spot"  or  small  area  cooling  and  heating  such  as  would 
be  the  case  in  the  cooling  of  electronic  components,  for 
exajnple.  Thus,  small,  high  velocity  air  Jets  were  used,  and 
the  characteristic  Reynolds  numbers  obtained  based  on  the 
nozzle  exit  velocity  and  hydraulic  diameter,  were  fairly  small 
(less  than  10,000  for  the  slot  Jets,  and  less  than  20,000  for 
the  one  circular  Jet). 

Figure  Id  Indicates  the  pertinent  variables  In  the  slot 
Jet  problem.  The  flow  exits  from  a  rectangular  nozzle  of 
width  b  and  length  c  ,  travels  as  a  free  jet  a  distance 
6  before  Impinging  normally  onto  a  plane  having  a  spot  area 
2b^.  Neglecting  end  effects,  It  can  be  anticipated  that  the 
heat  transfer  rate  at  a  given  distance  from  the  stagnation 
point  will  be  a  function  of  the  fluid  dynamics  involved  and 
of  the  system  geometry.  Expressing  this  nondlmenslonally, 
for  a  constant  Prandtl  number  fluid: 


^St  “  n  nozzle  exit  velocity  profile)  (1) 

where 


N 


N 


A  JT_ 
St  “  Qc. 


A 


R,n 


(2) 

(3) 


Npj,  =  M-Cp/k  =  constant 

The  velocity  profile  at  the  nozzle  exit  plane  must  be  In¬ 
cluded  as  a  parameter  since  Is  based  on  the  bulk 

A  y  n 

average  exit  velocity  and  does  not  fully  describe  the  Jet. 
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For  the  average  heat  transfer  over  a  distance  I  from 
the  stagnation  point  a  similar  correlation  Is  expected: 


”st,av  "  ^^^R,n  "  profile) 

where : 

A  h 

^^St,av  GCp 


(4) 


(5) 
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FIG.  la 


THE  TWO-DIMENSIONAL  OR  SLOT  JET 

PIG.  lb 

THE  AXIAL  SYMMETRIC  OR  CIRCULAR  JET 


PIG.  Ic 
THE  WALL  JET 

A  limiting  case  of  the  slot  jet 


PIG.  Id 

NOMENCLATURE  FOR  SLOT  JETS 


PIG.  2a 

BOUNDARY  OP  THE  FINITE  IMPINGING  JET 
Potential  flow  solution  from  Ref.  4 


PIG.  2b 

TWO  DIMENSIONAL  FLOW  OVER  A  WEDGE 


FIG.  2c 

NORMAL  IMPINGEMENT,  p  =  tt,  m  =  1 
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FIG.  2b 


FIG.  2c 


II  ANALYSIS 


The  available  analytical  treatments  relating  to  im¬ 
pinging  Jets  are  restricted  to  fluid  dynamics  considerations 
and  only  for  the  stagnation  point  region.  A  classical  solution 
for  the  case  of  a  viscous  Jet  of  infinite  extent  striking  a 
plate  at  right  angles  was  given  by  Schllchting^ .  He  found 
the  same  velocity  gradient  in  both  the  x  and  y  direction; 
that  iSj  u  =  ax  and  v  =  ay.  The  nature  of  the  solution 

Is  such  that  the  velocity  gradient,  a,  is  indeterminate. 

4 

Milne-Thomson  has  found  a  solution  for  the  case  of  a 
finite  Inviscld  slot  Jet  striking  a  plate.  He  was  able  to 
obtain  the  equation  for  the  boundary  of  the  Jet  as  it  strikes 
and  is  turned  by  the  plate.  His  equation  for  the  boundary 
is  as  follows  ! 

^  coth  ^  -  1)  (6) 

This  is  pictured  in  Pig.  2a. 

With  the  free  Jet  boundary  specified,  La  Place's  equation 
describing  the  flow  could  be  solved  by  numerical  means  to  check 
the  correspondence  between  the  velocity  gradients  in  Schlich- 
tlng's  solution  and  those  for  the  finite  Inviscld  Jet. 

The  velocity  gradient  in  the  potential  core  of  the  im- 

5  6 

pinging  Jet  is  Important  since  Eckert  ’  has  obtained  a 
family  of  laminar  flow  solutions  for  heat  transfer  in  the 
case  of  constant  Euler  number  flow.  Constant  Euler  number 
occurs  for  flow  over  a  two  dimensional  wedge  as  shown  in 
Fig.  2b.  The  potential  flow  velocity  along  the  surface  of 
the  wedge  varies  as  x^  where  m  is  the  Euler  number  and 
is  a  function  of  the  wedge  angle,  p.  The  heat  transfer  for 
constant  v/all  temperature  is  given  by: 


“nu  -  0-56 


0.11 


(0.35+ 


2  - 


2m  "Pr 

TwS 


1+m  „  0.5 

R,x 


(7) 


Where  S  1“  .  •  Np^  • 


(8) 


A  00 


R,x  M> 


(9) 


For  p  =  TT  ,  m  =  1  ,  and  the  invlscld  flow  reduces  to 
that  given  by  Schllchtlng;  that  is,  u  =  ax  .  Equation 
(7)  then  reduces  to: 


%  =  0-57 


Tr 


0.37 


N. 


R,x 


0.50 


(10) 


In  lieu  of  solving  La  Place's  equation  for  the  finite 
Jet  as  defined  by  Milne -Thoms on,  we  will  assume  that  a  con¬ 
stant  velocity  gradient  in  the  x-dlrection  does  exist  in 
the  finite  Jet.  This  is  probably  a  good  assumption  near 
the  stagnation  point. 

Then:  U  =  ax  (11) 

An  approximate  value  of  the  velocity  gradient,  a  , 
may  be  extracted  f i om  Ml In e -Thoms on ' s  solution  by  noting 
that  the  flow  area  after  the  turning  of  the  Jet  is  complete 
is  the  same  as  the  original  flow  area.  Thus,  from  consider¬ 
ation  of  the  continuity  of  the  flow,  the  mean  velocity  after 
complete  turning  is  equal  to  the  mean  velocity,  U  ,  which 
prevailed  before  turning. 
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Thus  we  can  express  (ll)  as 


and  for  any  given  Prandtl  number,  we  would  expect  the  heat 
transfer  in  the  vicinity  of  the  stagnation  point  (where  (ll) 
may  be  a  valid  assumption)  to  correlate  as 


N  N 
^St  ^R,n 


V2  = 


=  constant 


(14) 


Note  the  correspondence  between  (l4)  and  the  expected 
correlation  as  given  in  (l).  The  above  analysis  neglects 
any  effects  of  6/b  and  the  nozzle  exit  velocity  profile. 
The  parameter  x/b  is  Included  in  the  analysis  in  that  (l4) 
is  expected  to  correlate  the  data  at  values  of  x/b  near 
the  stagnation  point. 

Equsition  (l4)  provides  a  basis  for  the  correlation  of 
the  experimental  results  in  Section  VI. 
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Ill  EXPERIMENTAL  METHOD:  THE  TRANSIENT  TECHNIQUE 


The  transient  method  for  determining  the  convective 
conductance  of  the  Jet  consists  simply  of  recording  the 
transient  temperature  response  of  an  initially  heated  model 
as  a  result  of  Jet  cooling.  A  simple  analysis  Is  then  used 
to  relate  this  transient  to  the  conductance  through  a 
thermal  circuit  as  shown  in  Pig.  3b.  It  should  be  noted 
that  Pig.  3b  pictures  the  distributed  therriial  resistance 
and  capacitance  as  being  "lumped"  Into  a  single  RC  circuit. 
The  criteria  for  this  lumping  is  as  follows: 

^convective  film  ^model 

and  (15) 

^  ss  "q 

model  convective  film 

The  models  used  in  the  experimental  work  were  designed  so 
that  these  criteria  were  satisfied.  Figure  3a  shows  a 
typical  flat  plate  model.  A  small  (1/2"  x  1/2"  x  1/4") 
copper  block  is  mounted  flush  Into  a  balsa  wood  block  which 
both  supports  the  model  and  extends  the  plane  target  surface. 
There  Is  a  small  back-side  heat  leak  in  addition  to  the 
predominate  Jet  convection  on  the  front  surface  as  shown  in 
Fig.  3c.  The  calibration  of  this  back-side  leakage  is  dis¬ 
cussed  In  Appendix  B. 

The  relation  between  the  transient  response  and  the 
average  Jet  conductance,  h^^  ,  is  developed  below.  Refer¬ 
ring  to  Fig.  3c j  the  heat  flux,  q  ,  is  related  to  the 
temperature  difference  through  a  rate  equation: 

^total  ^  ^/"^total^^  Opiate  ”  ^alr^ 

If  we  specify  =  0  as  a  datum  temperature: 

'^total  ~  ^^/^total^  Opiate 
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This  flux  Is  related  to  the  loss  in  thermal  energy  In  the 
model  by  an  energy  balance: 

^total  =  "  ^ 

Combining  the  two  equations  and  integrating  the  result. 


Let  6  =  0  when  t^T  4.^  =  t  and  note  that: 

0  plate  o 

^/^total  ^  ^/^forced  "*■  ^^^leak  "  ^forced  ^“^^^leak 

Thus 

<“)forced  -  -  I 

or 


/^leak  \ 
^Vrced^ 

(16) 


The  conductance,  *^forced'  evaluated  by  (l6),  is  the 
average  heat  transfer  coefficient,  ,  averaged  with 

respect  to  surface  area  over  the  whole  length,  ,  of  the 

model.  One  shortcoming  of  the  transient  method  heretofore 
has  been  that  it  was  useful  only  for  evaluating  average 
heat  transfer  coefficients.  The  next  section  describes  how 
the  method  may  be  extended  quite  simply  to  yield  local  heat 
transfer  coefficients. 
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FIG.  3a 

SCHEMATIC  OP  TYPICAL  TARGET  ASSEMBLY 


PIG.  3b 

BASIC  THERMAL  CIRCUIT 


PIG.  3c 

THERMAL  CIRCUIT  WITH  BACK  SIDE  HEAT  LEAK 


ii 


IV  EXTENSION  OP  THE  TRANSIENT  TECHNIQUE  FOR 
OBTAINING  LOCAL  HEAT  TRANSFER  COEFFICIENTS 

The  foregoing  method  of  analysis  of  the  transient 
response  may  be  extended  to  yield  local  coefficients  by 
noting  that  the  average  Stanton  number  over  the  flow  length 
0  -  X  on  the  plate  Is  given  by: 


"st  -  I  /  "st 

av,x  0 


(17) 


Therefore : 


and 


^^St 

Ht  -  *  *  (— clf^l 


Thus 


dN 

O  If 

'"-U" 


St, 

c 

'x=£ 


(18) 


In  terras  of  the  anticipated  correlation  of  the  results 
as  given  by  (l)j  the  question  Is  how  does  the  local  Ng^ 
vary  with  Increasing  x/b  ,  with  all  the  other  parameters 
held  constant.  To  illustrate  the  application  of  Eq.  (l8), 
consider  the  following  example.  Pour  targets  of  different 
lengths,  ^  ,  are  available  and  identical  flow  rates  from  the 
same  nozzle  at  the  same  distance,  B  ,  are  directed  at  each 
of  them  In  turn.  Then  N„  ,  B/b  ,  and  the  nozzle  exit 
profile  will  have  constant  values  for  the  ^our  tests.  The 
results  of  these  tests  can  be  plotted  as  in  Pig.  4a.  A 
faired  curve  through  the  test  points  provides  the  variation 


Ic: 


in  Nq4.  with  increasing  Z/h  ,  at  a  constant  value  of 

Nj^  ^  and  6/b  .  The  local  heat  transfer,  Ng^  ,  at  any 
distance  t  from  the  stagnation  point  may  be  obtained  from 
this  curve  by  graphically  evaluating  the  ordinate  and  the 
derivative 


^^St,av^ 

’  X=i 


and 


/^^St,av 
'  dx 


) 


Figure  4b  illustrates  how  the  results  of  Pig,  4a  may  be 
obtained  In  an  equivalent  manner  with  only  one  target  of 
length  I  j  Instead  of  four  as  Just  considered,  by  varying 
the  nozzle  width,  b  •  Of  course  variation  of  b  means  a 
variation  of  nozzle  exit  area  and  thus  the  flow  rate  through 
the  nozzle  has  to  be  changed  so  as  to  maintain  a  constant 
Nr  ^  .  This  extension  to  the  method  of  Pig.  4b,  that  is, 
obtaining  local  coefficients  Indirectly  on  a  nondimenslonal 
basis,  requires  that  one  have  confidence  In  the  proposed 
correlation  of  Nj,.  as  predicted  In  (l)  and  that  the 

experimental  scatter  be  small.  In  section  VI  confidence  In 
the  correlation  Is  built  up  through  tlie  results  of  succes¬ 
sive  experiments,  and  then  these  results  are  used  to  extract 
the  local  heat  transfer  values. 
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FIG.  4a 


^St,av  ''^RSUS  £/b  OBTAINED  BY  VARYING  TARGET  SIZE 


FIG.  4b 

^St,av  £/b  OBTAINED  BY  VARYING  NOZZLE  SIZE 
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stov  Nsf.av 


FIG.  4b 


V  EXPERIMENTAL  APPARATUS 


A  schematic  of  the  overall  experimental  apparatus  Is 
shown  In  Pig.  5.  Air  is  supplied  from  a  compressor  through 
a  combination  of  receivers  and  pressure  regulators  to  the 
flow  metering  section  which  consists  of  a  rotameter  for 
measuring  the  flow  rate  and  a  100-inch  mercury  manometer 
for  measuring  the  rotameter  inlet  pressure.  The  air  Is 
then  directed  Into  the  nozzle  plenum  chamber  through  a 
needle  valve  which  Is  used  to  set  the  flow  rate.  The  plenum 
chamber  contains  screens  for  straightening  and  quieting  the 
flow  and  is  topped  by  the  nozzle  block  assembly  for  slot 
nozzles  and  the  nozzle  plate  for  round  nozzles.  An  air 
tight  Joint  is  assured  between  the  plenum  and  nozzle  block, 
plate  by  use  of  an  0-ring  seal. 

The  nozzle  block  and  nozzles  are  shown  in  the  photo¬ 
graphs  of  Fig.  6.  Three  sets  of  nozzles  were  used  to  evalu¬ 
ate  the  effect  of  the  nozzle  exit  velocity  profile  on  the 
heat  transfer  characteristics  of  the  Jet.  The  design  of 
these  nozzles  is  covered  in  Appendix  A.  They  are  all  0.75 
inch  wide  and  slide  in  a  groove  machined  in  the  nozzle  block. 
All  three  sets  of  nozzles  are  interchangeable  in  the  same 
nozzle  block.  The  nozzle  (and  thus  the  Jet)  thickness  is 
adjustable  and  the  dimensions  b  used  in  the  tests  were 
0.010,  0.020,  0.040,  O.ObO  and  O.COO  inch.  These  were  set 
with  the  use  of  precision  thickness  gages. 

The  close  clearance  machining  of  the  nozzles  and  block 
allowed  very  adequate  sealing  with  a  thin  film  of  grease 
between  the  sliding  surfaces  and  insured  that  all  the 
metered  flow  actually  passed  through  the  nozzle.  An  addi¬ 
tional  check  on  the  equality  of  flow  passing  through  the 
rotameter  and  nozzle  is  furnished  by  the  calibration  of  the 
nozzles  as  a  flow  metering  device.  This  calibration  is 
covered  in  Appendix  A.  For  every  test  run  taken  the  flow 
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rate  measured  by  the  rotameter  was  checked  against  that  com¬ 
puted  to  be  passing  through  the  nozzle.  The  rotameter  has 
been  calibrated  against  a  standard  orifice  and  Is  known  to 
be  accurate  to  +  1^  In  the  range  used . 

Two  targets  were  used  In  the  slot  nozzle  tests:  one  of 
i  =  0.50  Inch,  the  other  of  £  =  0,25  Inch.  These  are 
mounted  In  balsa  wood  supports  so  that  they  present  an  aero- 
dynamlcally  clean  surface  for  the  impinging  Jet.  A  thermo¬ 
couple  is  mounted  in  the  center  of  each  target  and  Is  placed 
in  series  with  a  thermocouple  In  the  plenum  chamber  below 
the  Jet.  The  voltage  across  the  leads  is  thus  proportional 
to  the  difference  in  temperature  between  the  target  and  ti.e 
air  in  the  plenum.  This  voltage  Is  measured  with  a  self 
balancing  potentiometer. 

The  relative  alignment  and  positioning  of  the  nozzle 
and  target  is  achieved  accurately  through  the  use  of  two 
rotary  micrometer  tables;  one  to  hold  the  target,  and  one  to 
hold  the  nozzle  assembly.  These  tables  are  commonly  called 
rotary  cross-feed  tables  and  are  used  for  positioning  and 
feeding  In  machining  operations.  With  the  use  of  these 
tables,  relative  positions  can  be  set  accurately  to  a 
thousandth  of  an  inch,  and  provision  Is  built  In  for  tilt¬ 
ing  the  target  to  implngeme.nt  angles  less  than  90°.  Figure 
7  shows  the  complete  positioning  assembly.  The  photograph 
of  Pig.  8  shows  the  entire  experimental  setup. 
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PIG.  5 

SCHEMATIC  OF  EXPERIMENTAL  APPARATUS 
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PIG.  6 

PHOTOGRAPHS  OP  NOZZLES  AND 
NOZZLE  ASSEMBLY 
(See  Fig.  21  for  dimensions) 
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NOZZLE  BLOCK  AND  NOZZLES  TOP  VIEW 


PIG.  7 

PHOTOGRAPH  OF  ROTARY  TABLES, 

NOZZLE  AND  TARGET 

The  Inset  shows  the  1  inch  (i  =  O.5O  Inches) 
rectangular  target  assembly 


FIG.  7 


PIG.  8 

PHOTOGRAPH  OP  COMPLETE  EXPERIMENTAL  SET  UP 
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VI  EXPERIMENTAL  RESULTS 


A  series  of  tests  were  conducted  to  systematically 
investigate  the  Influence  of  the  independent  nondlraenslonal 
parameters  entering  into  the  proposed  correlation  equation 
(1). 

Effect  of  Nozzle-to-Target  DistancBj  6/b 

The  first  series  of  tests  were  designed  to  obtain  the 

effect  of  the  geometrical  parameter,  &/b  ,  on  „„  , 

all  other  parameters  held  constant.  A  rather  peculiar 

effect  Is  apparent  from  these  tests.  The  average  heat 

transfer  rate  over  the  target  Is  at  a  maximum  at  6/b 

around  8  and  decreases  with  6/b  smaller  than  8  and  larger 

than  8.  The  results  of  a  large  number  of  tests  are  given 

in  Pig.  9  In  the  form  of  N<j4.  vs.  6/b 

ot , av  o t , av  max 

where  (Nq*.  Is  the  maximum  value  of  Nr,. 

attained  as  a  function  of  6/b  .  The  surprising  aspect  is, 
of  course,  the  drop  off  In  heat  transfer  for  small  6/b 
ratios.  This  effect  Is  apparent  throughout  the  entire  range 
of  Nj^  ^  (3,000  to  10,000)  and  Z/h  (3.125  to  50).  This 

peaking  is  greater  for  small  Z/h  ratios,  which  indicates 
that  It  Is  a  phenomenon  associated  with  the  heat  transfer 
near  the  stagnation  "olnt.  The  average  heat  transfer 
obtained  with  small  Z/t)  ratios  Is,  of  course,  dominated 
by  the  heat  transfer  near  the  stagnation  point,  while  that 
obtained  for  large  £/b  ratios  is  dominated  by  the  wall  Jet 
region.  The  stagnation  point  region  and  wall  Jet  region  are 
described  In  Pig.  2c. 

This  reduction  In  heat  transfer  coefficient  for  small 
nozzle-to-target  distances  Is  similar  to  that  observed  by 
Gordon^  for  circular  Jets.  The  free  Jet,  after  leaving  the 
nozzle.  Is  constantly  entraining  the  surrounding  fluid;  as 
far  as  the  Jet  heat  transfer  is  concerned,  it  appears  that 
this  entrainment  is  Initially  beneficial  and  then  detrimental 
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with  further  Increase  In  6/b  beyond  10. 

For  the  range  of  parameters  attainable  with  the  present 
apparatus,  a  nozzle  placed  at  B/b  =  8  appears  to  yield 
heat  transfer  coefficients  no  lower  than  955^  of  the  maximum 
attainable  at  other  values  of  B/b  .  Since,  for  design 
purposes,  one  is  interested  in  maximum  heat  transfer  rates, 
it  was  decided  to  make  all  further  tests  at  a  constant  value 
of  B/b  =  8.0  and  correlate  the  results  on  this  basis.  In 
the  range  7<B/b<10  no  significant  variation  of  the  heat 
transfer  coefficient  will  result  as  is  evident  from  Pig.  9. 

Effect  of  Target  Size,  i/b 

At  the  fixed  nozzle-to-plate  distance  ratio,  B/b  =  8.0, 
tests  were  taken  with  the  two  targets  (i  =  0.5  and  0.25 
inch),  and  the  Z/h  ratio  was  varied  for  each  model  by  vary¬ 
ing  the  nozzle  thickness,  b  ,  For  these  tests  the  flow  rate 
was  adjusted  so  as  to  maintain  a  constant  value  of  Nr  ‘ 
Figure  10  shows  the  results  of  these  runs  graphically.  It 
should  be  noted  that  with  this  scheme  of  testing  it  is  pos¬ 
sible,  by  the  use  of  two  targets  of  different  size,  to  obtain 
test  results  with  identical  values  of  Z/h,  and  6/b 

and  yet  obtain  these  results  with  different  values  of  Z,  b, 
and  flow  rate.  As  seen  in  Fig.  10,  these  results  correlate 
very  well,  within  the  experimental  uncertainty,  which  lends 
confidence  to  the  anticipated  correlation  of  (l). 

It  should  be  noted  at  this  time  that  the  nozzle  exit 
velocity  profile  included  in  (1)  has  not  been  mentioned  so 
far  because  this  parameter  was  found  to  have  a  very  minor 
effect  on  the  heat  transfer  results.  Further  discussion  of 
this  point  will  be  presented  later. 

The  lower  curve  of  Fig.  10,  that  is,  =  7^00  was 

n  I  n 

also  repeated  at  several  values  of  B/b  to  further  illus¬ 
trate  the  effect  of  this  parameter.  These  results  are  shown 
in  Fig.  11. 
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PIG.  9 


EFFECT  OP  NOZZLE-TO-TARGET  DISTANCKj  B/b,  ON  No^. 

o  w  j  3,  V 

(See  Table  7  for  tabulated  results) 

<t>  =  90“ 


FIG.  10 

EFFECT  OP  TARGET  SIZE,  i/b  ON  N„,  AT  CONSTANT  N„  „ 

A^n 

(See  Table  8  for  tabulated  results) 

BA  =  8.0 

0  =  90“ 
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Additional  Insight  Into  the  effect  of  i/b  may  be  had 
by  correlating  the  data  In  a  somewhat  different  manner  using 
No  .  Instead  of  ^  .  In  Fig.  10,  the  data  Is  correlated 

t\  ^  Jv  n 

on  the  basis  of  (l):  that  Is, 


"st.av  -  ‘■'Vn' 


However,  Nj,  „  and  i/b  may  be  combined  Into  a  Reynolds 

it  j  n 

number  based  on  the  flow  length  along  the  plate  as  follows; 


(1)  =  fSi  (1)  = 

'b'  M.  'b' 


2bc 

b+c 


M- 


For  the  narrow  slot  nozzles  used,  b«c  j  therefore, 
(b+c)  -  c  .  Thus 


a-i  A 


or 


Nr  n  ^ 


(20) 


A  functional  relationship  equivalent  to  (19)  is  thus; 


<St,av  -  B/b) 


(21) 


The  same  results  as  previously  presented  in  Pig.  10  are 
graphed  in  Pig.  12  according  to  (21)  as  versus 

f  cLv 

Np  ^  ,  The  reference  line  shown  in  Pig,  Ic,  is  the  Pohlhausen 
solution  for  heat  transfer  from  a  flat  plate  at  zero  inci¬ 
dence  (0  =  0)  to  an  infinite  stream  with  a  laminar  boundary 
layer.  It  can  be  seen  that  on  this  basis  the  parameter  i/b 
has  a  rather  minor  effect  in  the  range  tested  ( 3 • 125<i/b<50) . 
Also,  it  is  significant  that  these  results  for  normal 
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PIG.  11 


EFFECT  OP  NOZZLE  TO  TARGET  DISTANCE  6/b, 
ON  i/b  CURVES 

(See  Table  9  for  tabulation  results) 


N. 


7400 


R,n 

0  =  90° 


FIG.  12 


’'st,av  ^RSUS  Nj^^^ 

0  =  90° 
&/b  =  8.0 


The  Pohlhausen  solution  for  a  laminar 
boundary  layer  on  a  flat  plate  at  0=0° 
Is  shown  as  a  dotted  line. 


.25 


Impingement  (<f  =  90“ )  Indicate  heat  transfer  rates  approx¬ 
imately  50^  higher  than  for  the  infinite  stream  at  <i>  =  0  . 

The  small  effect  of  i/b  in  Pig.  12  is  consistent  with 
the  behavior  pictured  in  Pig.  10.  Por  a  constant  value  of 
Nj^  ^  ,  an  Increase  in  i/b  dictates  a  proportionate  decrease 
virtue  of  (20).  Por  example,  an  Increase  in 
&/h  from  3.125  to  6.25  at  No  «  =  11>550  is  accompanied 
by  a  decrease  in  Nq  „  from  7400  to  3700.  This  results  in 

a  6.5^  Increase  In  Nq^.  from  1.08x10"  to  about  1,15x10"  . 

Du  >  av 

This  effect  decreases  for  increasing  values  of  i/b  up  to 
12.5  where  the  converging  nature  of  the  curves  of  Pig.  10 
begin  to  reverse  the  trend. 

Effect  of  Nozzle  Exit  Velocity  Profile 

As  mentioned  earlier,  the  effect  of  the  exit  velocity 
profile  is  very  small  and  for  usual  engineering  purposes 
can  be  neglected.  This  conclusion  was  reached  by  repeating 
a  number  of  the  previously  described  tests  with  different 
exit  profiles.  As  described  in  Appendix  A,  at  a  given  nozzle 
Reynolds  number,  the  velocity  profile  at  the  exit  plane  of 
the  nozzle  depends  upon  the  ratio  of  throat  length  to 
hydraulic  diameter  in  the  nozzle.  This  velocity  profile  is 
characterized  by  the  ratio  of  the  centerline  velocity  at  the 
nozzle  exit  to  the  average  velocity  at  the  exit  plane, 

The  three  geometrically  similar  nozzles  shown  in  Pig.  6  were 
designed  to  have  the  same  and  u^^/U  at  three  differ¬ 

ent  values  of  the  nozzle  spacing,  b  .  Thus  a  particular 
test  could  be  run  three  times  with  everything  but  the  ratio 
u^/U  held  constant  by  changing  nozzles,  but  holding  the 
nozzle  spacing  and  flow  rate  constant. 

Figure  13  shows  the  effect  of  the  exit  velocity  profile 

on  the  N„,  /(Nc,  )  curves.  Here  two  nozzles  were 

St,av'"'  St,av'niax 

used:  one  with  a  value  of  u^/U  -  1.15  and  one  with 
u^/U  ~  1.35  .  For  narrow  nozzles  with  small  aspect  ratios 
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a  value  of  u^/U  =  1.35  represents  almost  fully  developed 
^  11 

flow  at  the  nozzle  exit  .  Thus  It  Is  felt  that  the  nozzle 

exit  profiles  tested  represent  as  wide  a  range  of  the  profile 

as  would  be  found  In  a  design  situation. 

Figure  14  is  a  plot  of  the  results  of  the  same  two 

nozzles  compared  for  their  effect  on  the  N-*.  „  ,  vs.  Nr,  . 

St,av 

curves.  This  graph  best  Indicates  the  small  Influence  of 
the  effect  of  the  exit  velocity  profile.  The  heat  transfer 
to  the  Jet  with  the  more  uniform  velocity  profile  is  appar¬ 
ently  less  than  that  to  the  Jet  with  the  higher  centerline 
velocity;  which  Is  expected,  since  the  latter  Jet  has  asso¬ 
ciated  with  It  a  higher  kinetic  energy.  However,  the  effect 
Is  sufficiently  small  for  the  two  cases  to  be  within  the 
experimental  uncertainty. 

Local  Heat  Transfer  Coefficients 

The  average  heat  transfer  results.  Pig,  10,  have  been 
used  to  calculate  local  heat  transfer  coefficients  in  the 
manner  discussed  previously  (see  Pig.  4  and  the  associated 
text)  and  are  presented  in  Pig.  15. 

Further  Correlation  of  the  Results 

The  analysis  indicates  that  in  the  region  near  the 
stagnation  point  the  local  heat  transfer  should  be  related 
to  the  nozzle  flow  through  (l4);  that  is 

Ngt  Njj  =  constant. 

Using  this  prediction  as  an  indication  of  the  form  to  be 

expected,  the  entire  results  of  Pig.  15  were  correlated  on 

the  basis  of  N<,^(Nd  =  constant.  This  correlation  is 

o  1/  n  ^  n 

shown  in  Pig.  16  with  p  =  0.434.  It  can  be  seen  that  the 
correlation  is  quite  good  even  in  the  regions  far  away  from 
the  stagnation  point. 
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Pig.  13 

EFFECT  OF  NOZZLE  EXIT  VELOCITY  PROFILE 

^St,av/(^St,av^max 
(See  Table  10  for  tabulated  results) 

b  =  0.020" 
l/h  =  12.5 
^R,n  =  ^500 
0  =  90° 


FIG.  I4 

EFFECT  OP  NOZZLE  EXIT  VELOCITY  PROFILE 
Nst,av 

(See  Table  10  for  tabulated  results) 
b  =  0.020 

Z/h  =  25.0 

6/b  =  8.0 

0  =  90° 


PIG.  15 

LOCAL  HEAT  TRANSFER,  Ng^  VERSUS  x/b 
b/b  =  8.0  0  =  90° 
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This  correlation  can  be  extended  still  further.  Figure 

17  is  a  plot  of  the  average  heat  transfer  results  treated 

0  4^4 

in  the  same  manner;  that  is,  av  %  n  '  as  a  function 

of  l/h  .  Again  the  correlation  is  good . 

The  exponent  p  =  0.434  was  selected  on  the  basis  of 
the  following  considerations.  The  results  were  first  corre¬ 
lated  as  Indicated  by  the  analysis  with  p  =  O.50  ,  and  the 
correlation  was  reasonably  satisfactory.  However,  it  was 
noted  in  Eq.  (20)  that  there  is  an  approximate  linear  rela¬ 
tionship  between  ^  and  Nj^  ^  and  it  can  be  observed 
that  the  results  of  vs.  ^  Pig.  12  plot  with 

a  slope  of  -0.434  Instead  of  -O.50.  With  p  =  0.434  the 
correlation  with  „  is  better  than  that  obtained  with 

X  k  ^  A  i 

P  =  0.50. 

It  Should  be  noted  that  the  best  interpretation  line 
for  the  local  heat  transfer  results,  Pig.  Xfi,  is  analyti¬ 
cally  related  to  the  best  interpretation  line  for  the  aver¬ 
age  results,  Pig.  17,  through  Eq.  (18).  The  best  interpre¬ 
tation  line  on  Pig..l6  was  derived  in  this  manner. 

The  dotted  curves  in  Pigs.  I6  and  17  indicate  qualita¬ 
tively  the  probable  behavior  of  the  local  and  average  heat 
transfer  coefficients  at  and  near  the  stagnation  point.  It 
should  be  noted  that  at  the  stagnation  point  the  local  and 
average  heat  transfer  coefficients  should  be  equal;  thus  a 
substantial  rise  in  the  local  coefficient  near  this  point 
is  needed,  as  indicated  in  Pig.  16.  Such  behavior  is  in 
good  agreement  with  the  behavior  of  circular  Jets  near  the 
stagnation  point. ^ 


Effect  of  the  Prandtl  Number 


Since  air  at  approximately  530“  R  was  the  only 
used  in  the  tests  (Npj.  =  0-705) ^  the  effect  of  Np^ 
observed.  However,  the  effect  of  this  parameter  is 
analytically  in  (13). 


fluid 
was  not 
predicted 
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constant 


N  N  N  *^*^3 

"st  ”R,n  ^Pr 


If  the  results  of  this  investigation  are  used  with  other 
fluids,  it  is  recommended  that  (13)  be  used  as  a  guide  in 
predicting  the  effect  of  Np^  .  This  Np^  effect  is  in¬ 
cluded  in  the  equations  below. 

Experimental  Results  in  Equation  Form 

The  results  presented  in  Pig.  12  are  readily  expressible 
in  equation  form.  If  the  small  effect  of  i/b  is  regarded 
as  a  spread  in  the  data,  then  the  results  may  be  character¬ 
ized  with  a  single  line.  When  the  effect  of  Np^  suggested 
by  (13)  is  included,  the  result  is 


^St,av  ”R,i 


(22) 


for  7  <  I  <  10  and  3  <  4  <  50  . 

Using  the  relation  between  Nj^  ^  and  Np  as  given 
by  (20),  the  above  equation  can  be  expressed  as 


^St,av  \,n 


=  0.74  (4) 


-0.434 


(23) 


fi  P 

for  7  <  ^  <  10  and  3  <  ^  <  50  .  This  equation  is  shown 
in  Fig.  17. 
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FIG.  l6 

CORRELATED  LOCAL  HEAT  tHawSFER  RESULTS 

"st 

(Npr  -  0.705) 

The  data  points  were  obtained  from  Pig.  15 
(See  Pig.  4  and  Appendix  E  for  method) 

The  dotted  curve  was  obtained  from  Pig.  1? 
in  a  similar  manner. 


I 


PIG.  17 

CORRELATED  AVERAGE  HEAT  TRANSFER  RESULTS 
'■St,  av  iA 

(Np^  =  0.705) 


31 


VII  COMPARISON  WITH  CIRCULAR  JETS 


In  order  to  gain  some  preliminary  insight  as  to  the 
relative  performance  of  the  slot  Jets  and  the  more  common 
circular  Jets,  one  circular  nozzle  and  two  circular  targets 
were  used.  The  nozzle  was  designed  so  as  to  be  quite  similar 
to  the  slot  nozzles  as  regards  discharge  coefficient, 
ratio,  etc.  The  details  of  this  nozzle,  together  with  its 
discharge  coefficient  calibration,  are  Included  in  Appendix  A. 
The  throat  area  of  this  nozzle  and  the  throat  area  of  the  slot 
nozzles  set  at  a  thickness  of  0.040  inch  are  identical;  that 

p 

is,  A  =  0.030  in.  and  thus  the  diameter  is  O.196  inch. 

The  two  circular  targets  have  diameters  of  1.0  and  O.5O  inch, 
respectively.  The  results  obtainable  with  this  equipment 
are  restricted  to  the  region  near  the  stagnation  point  since 
the  nozzle  is  relatively  large  compared  to  the  target 
diameter. 

The  effect  of  nozzle-to-target  distance,  6/D  ,  was 
investigated  with  the  circular  Jets,  and  the  behavior  was 
quite  different  than  that  obtained  with  the  slot  Jets. 

Figure  18  shows  the  results  of  these  tests.  Data  was  taken 
at  6/D  values  of  1.0,  5*0,  and  8.0,  and  the  results  indi¬ 
cate  that  the  heat  transfer  drops  off  monotonically  with 
increasing  distance,  6/D  .  In  order  to  be  consistent  with 
the  slot  Jet  tests,  which  were  taken  with  a  5/D  ratio  which 
gave  maximum  heat  transfer,  the  remaining  tests  for  the  cir¬ 
cular  Jets  were  taken  with  6/D  =  1.0  ,  or  6  =  O.196  inch. 
Figure  19  presents  the  results  of  these  tests.  is 

given  as  a  function  of  Nj^  and  i/D  ,  where  i  is  the 
radius  of  the  target  and  D  is  the  dlamet  ir  of  the  nozzle. 
Figure  19  for  the  circular  Jets  is  thus  analogous  to  Fig.  10 
for  the  slot  Jets, 

It  is  interesting  to  compare  the  circular  Jet  on  the 

0  434 

basis  of  the  correlating  parameter.  No,  Np  ’  which 

O  1/  y  a,V  A  y  n 

was  found  of  use  for  the  slot  Jets.  In  Pig.  20  the  best 


32 


curve  through  the  slot  Jet  results  of  Fig.  I7  Is  drawn  to¬ 
gether  with  the  results  of  the  circular  Jets.  As  can  be 
seen,  the  circular  Jet  results  do  net  differ  significantly 
from  the  slot  Jet  behavior,  at  least  In  the  narrow  i/D 
teat  range  for  the  circular  Jets. 

One  of  the  tests  for  the  circular  Jet  (see  Run  number 
508,  Table  11)  Indicates  that  a  flow  rate  of  11  pounds  per 
hour  (Vjg^  =  195  ft/sec)  Impinging  on  the  one-inch  diameter 
target  results  In  an  average  Stanton  number,  Nn.  ,  of 
7.24x10  and  an  h^^  =  91.6  Btu/(hr  “P  ft"^)  over  the 
target  surface.  This  particular  target  has  an  area  of 
0.785  in .  .  An  Interesting  comparison  may  be  drawn  between 
this  heat  transfer  and  that  obtainable  with  a  slot  Jet  cool¬ 
ing  the  same  size  area.  To  make  a  valid  comparison,  the 
flow  rate  and  exit  area  of  the  slot  nozzle  should  be  the 
same  as  that  of  the  circular  one.  This  restriction  Insures 
that  the  compressor  power  required  for  the  air  supply  will 
be  identical  for  both  nozzles.  As  has  already  been  men¬ 
tioned,  the  slot  nozzle  O.750  Inch  wide  and  0.040  inch  thick 
has  the  same  area  as  the  circular  nozzle,  With  these  facts 
In  mind,  the  results  of  Pig.  17  can  be  used  to  predict  the 
corresponding  slot  Jet  heat  transfer.  Setting  the  two 
target  areas  equal: 


0.785  =  0.750  {211,) 


therefore,  !,  =  0.522  inch  and  i/b  =  13 

The  nozzle  Reynolds  number  may  be  computed  from  the  flow 
rate  and  dimensions  of  the  nozzle: 


N 


R,n 


w/A  •  2w 

il  ""  M-  (  b+c  ) 


7670 


At  £/b  =  13,  =  °-325  from  Fig.  1? . 

Therefore,  N-  =  6.7x10”^  (h^„  =  84.7  Btu/(hr  ft'^  "P) 

o  u  ^  dv  a V  ' 
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and  the  circular  Jet  yields  an  approximately  8^  higher 

than  this  particular  slot  Jet  while  cooling  the  same  area 
with  the  same  flow  rate  and  nozzle  area.  However,  while 
equal  In  magnitude,  the  shape  of  the  two  areas  cooled  are 
quite  different.  In  fact,  the  shape  of  the  area  cooled  Is 
Important  In  the  above  comparison. 

Suppose  that  the  slot  Jet  had  been  1.0  Inch  wide  and 

0.030  Inch  thick.  Then  the  i/h  required  to  cool  0,785  In.^ 

would  still  be  13,  but  the  Reynolds  number  would  be  reduced 

to  5870.  For  this  case,  Nc54.  =  7* 30x10"^  and  the  average 

o  u  f  aV 

heat  transfer  coefficients  for  the  circular  and  slot  Jets  are 
about  the  same  at  the  common  flow  rate  of  11  Ibs/hr.  A  ten¬ 
tative  conclusion  seems  to  be  that  the  shape  of  the  area  to 
be  cooled  is  of  primary  Importance  In  deciding  which  type  of 
Jet  would  be  more  economical  of  compressor  power  for  a 
desired  cooling  rate. 


3^ 


FIG.  18 


EFFECT  OF  Ji/D  On  FOR  CIRCULAR  JETS 

(See  Table  11  for  tabulated  results) 

0  =  90“ 


FIG.  19 

EFFECT  OF  i/D  ON  N-.  FOR  CIRCULAR  JETS 
AT  CONSTANT  N^  ^ 

rt  ^  n 

(See  Table  11  for  tabulated  results) 

0  =  90“ 

i/D  =  1.0 
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VIII  APPLICATION  TO  DESIGN 


The  foregoing  compariaon  between  circular  and  slot  Jets 
Illustrates  how  heat  transfer  coefficients  may  be  readily  pre¬ 
dicted  for  the  slot  Jets  by  use  of  the  results  of  Pigs.  l6 
and  17.  These  results  are,  of  course,  valid  only  for  nozzle- 
to-target  distance  in  the  range  7  to  10.  Figure  9,  however, 
should  provide  a  qualitative  appreciation  for  how  these 
results  are  modified  by  chsinges  in  B/b  outside  this  range. 
Although  the  nozzle  Reynolds  numbers  for  the  tests  were 
fairly  low,  they  are  typical  of  a  design  situation  where 
small  nozzles  are  used  for  localized  cooling  or  heating. 

The  specific  point  of  view  taken  in  this  study  has  been  that 
the  Jet  v/ould  be  used  for  cooling  a  hot  surface,  but  the 
results  are  equally  applicable  for  heating  a  cool  surface. 

In  applying  the  results  of  this  study  to  a  design  it 
should  be  noted  that  the  results  are  evaluated  on  the  basis 
of  a  difference  between  the  Jet  total  (or  stagnation)  temper¬ 
ature  and  the  target  surface  temperature.  The  Jet  static 
(or  thermodynamic)  temperature  is  lower  than  the  total  tem¬ 
perature  by  the  kinetic  energy  effect  of  the  Jet,  and  this 
difference  is  proportional  to  the  square  of  the  velocity. 

In  the  present  study,  the  plenum  pressure  was  as  high  as 
16  Inches  of  mercury  gagej  and  thus  the  maximum  difference 
between  the  Jet  static  and  total  temperatures  amounted  to 
about  20  degrees. 

If  the  cooling,  or  heating,  is  to  be  done  with  arrays 
of  Jets  rather  than  with  one  individual  Jet,  interaction 
between  the  individual  Jets  in  the  array  must  be  recognized. 
The  results  here  do  not  account  for  any  Interaction  and  are 
strictly  applicable  only  to  individual  Jets.  Nevertheless, 
there  are  many  configurations  where  arrays  of  slot  Jets  may 
be  used  without  appreciable  Interaction  between  them.  For 
circular  Jets  In  arrays.  Interaction  is  always  present  and 
such  interaction  lowers  the  average  heat  transfer  rates^. 
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ThuSj  for  certain  applications  of  arrays  of  Jets,  the  slot 
Jet  may  have  an  advantage  over  the  circular  Jet, 

It  should  be  noted  that  the  magnitudes  of  the  conduct¬ 
ance,  h  j  obtainable  with  impinging  Jets  (50-250  Btu/ 

p 

hr  ft  °F)  are  significantly  higher  than  those  normally 

p 

encountered  (10-50  Btu/hr  ft  °P)  In  forced  convection 
situations  with  air  at  approximately  atmospheric  density. 


IX  SUMMARY  AND  CONCLUSIONS 


A  transient  technique  for  the  experimental  determina¬ 
tion  of  Impinging  Jet  average  heat  transfer  coefficients 
has  been  described ^  and  the  method  has  been  extended  to 
yield  local  heat  transfer  coefficients.  The  technique  was 
used  to  Investigate  extensively  the  case  of  a  slot  Jet 
Impinging  normally  on  a  plane  surface.  The  experimental 
data  for  this  case  Is  correlated  on  a  dimensionless  basis. 
Pigs.  16  and  17,  which  makes  extensions  to  other  gases, 
nozzle  dimensions,  and  target  dimensions  feasible.  This 
greater  generality  Is  of  Importance  to  the  designer. 

The  wedge  solution  (l4)  analysis  Indicated  that  the 

dimensionless  parameter  N,,.  nH  „  should  be  useful  In  cor- 

o  u  ^  n 

relating  local  heat  transfer  data  near  the  stagnation  region. 
Indeed,  this  parameter  proved  valid  for  correlating  not  only 
these  results  but  also  local  results  away  from  the  stagnation 
region  and  average  heat  transfer  results  as  well.  (See 
Pigs.  16  and  17  and  Eq.  (23).) 

The  results  were  also  presented  on  the  basis  of 
vs.  ^  ,  Fig.  12.  On  this  basis  the  effect  of  j^/b  Is 

minor  and  the  results  are  readily  represented  by  a  single 
equation  (22).  In  some  respects  Pig,  12  and  Eq.  (22)  may 
prove  to  be  the  most  convenient  presentation  of  results  from 
the  point  of  view  of  the  designer. 

The  transient  technique  was  also  used  to  experimentally 
investigate  In  a  preliminary  way  the  case  of  a  normally 
Impinging  circular  Jet  on  a  plane  surface.  This  study  was 
limited  to  only  a  few  tests,  and  the  results  were  used  as  a 
comparison  with  the  slot  Jet  results.  It  was  tentatively 
concluded  that  the  chape  of  the  area  to  be  cooled  is  of 
primary  importance  in  deciding  between  a  circular  or  slot 
Jet.  However,  if  arrays  of  Jets  are  to  be  used,  the  slot 
Jets  may  be  more  desirable  since  interaction  between  them 
can  be  held  to  a  minlmuiri. 
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X  RECOMMENDATIONS  FOR  FURTHER  WORK 


The  experimental  apparatus  and  techniques  now  available 
can  be  used  to  extend  the  results  of  this  study  as  follows; 

(1)  the  circular  Jet  impinging  normally, 

(2)  the  slot  Jet  impinging  at  0®  ^  0  <  90“  > 

(3)  the  slot  Jet  impinging  on  a  cylindrical  surface, 

(4)  more  teats  for  the  normally  impinging  slot  Jet 
to  extend  the  Reynolds  number  and  ^/b  ranges, 

(5)  the  circular  and  slot  Jets  operating  with  higher 
plenum  pressures  to  investigate  supercritical 
Jets  and  the  Influence  of  shock  wave  patterns  on 
heat  transfer. 

In  addition,  it  would  be  desirable  to  re-examine  the 
analytic  treatment  of  the  problem  with  a  view  to  extending 
this  treatment  away  from  the  stagnation  region  and  into  the 
wall  Jet  region. 
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APPENDIX  A  -  DESIGN  AND  CALIBRATION  OF  THE  FLOW  NOZZLES 


At  the  outset  of  this  study.  It  was  felt  that  the  heat 
transfer  coefficients  obtained  with  the  Impinging  Jets  might 
depend  to  some  extent  on  the  character  of  the  nozzle  exit 
plane  velocity  profile  as  well  as  the  mean  flow  properties 
of  the  Jet. 

With  this  In  mind,  three  geometrically  similar  nozzles 
were  designed  to  operate  with  Jet  thicknesses  of  0.020, 

0.040,  and  O.080  Inch,  respectively. 

The  reasoning  behind  the  design  is  based  on  the  following 
functional  relationship  for  the  nozzle  discharge  coefficient, 
C; 


C  =  f  (nozzle  contour,  L/D^^  ,  Np  (24) 

This  relationship  has  previously  been  substantiated  both 
analytically  and  experimentally  for  circular  nozzles  with 
laminar  flow^*^.  It  was  felt  that  this  relationship  would 
be  valid  for  slot  nozzles  as  well  as  circular  nozzles. 

A  design  L/Dp  ratio  of  2.0  and  an  elliptical  contour 
were  chosen  for  the  three  nozzles,  as  shown  in  Fig.  21.  The 
discharge  coefficients  for  the  completed  nozzles  were  obtained 
by  comparing  the  measured  flow,  w  ,  through  the  rotameter 
with  an  Ideal  (C  =  l.O)  one  dimensional  flow  through  the 
nozzle  based  on  the  temperature  and  pressure  in  the  plenum 
chamber  Just  upstream  of  the  nozzle.  That  is: 

P  AP  1/2 

w^  =  4070  A  (-2-_^)  (25) 

where  Y  is  the  nozzle  expansion  factor  for  the  perfect 

^  Q 

gas  compressible  fluid  .  The  discharge  coefficient  Is  thus: 
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c 


(26) 


Figures  22,  23,  and  24  present  the  calculated  discharge 
coefficients  for  the  three  nozzles  at  various  nozzle  spacings 
that  is,  at  various  ratios.  Figure  25  shows  a  cor¬ 

relation  between  the  three  nozzles  when  all  are  operated  at 
their  design  configuration  of  L/Dj^  =  2.0  .  The  correlation 
is  compared  with  the  analytical  results  of  Ref.  10  for  the 
circular  nozzles  at  the  same  ratio.  From  this  com¬ 

parison  It  Is  clear  that  the  slot  nozzles  compare  favorably 
on  a  Dpj  basis  with  the  predictions  for  the  circular  nozzle. 
The  three  nozzles  at  values  of  ^/Dj^  other  than  2.0  also 
agree  well  with  the  results  of  Ref.  10. 

The  discharge  coefficient,  of  course,  does  not  furnish 
a  complete  description  of  the  nozzle  flow.  What  is  needed 
beyond  this  Is  some  knowledge  of  the  velocity  profile  at  the 
exit  plane  of  the  nozzle.  Experimental  determination  of  the 
profile,  or  even  of  the  centerline  velocity,  is  Impractical 
In  this  case  because  of  the  small  size  of  the  nozzles.  How¬ 
ever,  since  the  flow  In  the  nozzles  is  laminar,  the  flow 
pattern  may  be  estimated  using  theory  developed  for  the 
laminar  entry  length  problem  in  rectangular  ducts.  Ilan^^ 
has  published  an  analysis  of  this  problem  in  which  he 
presents  u^/U  in  the  developing  region  for  different  aspect 
ratios  from  1.0  to  0.  Figures  22,  23,  and  24  include  values 
of  u^^/U  computed  from  Ref.  11. 

For  the  tests  with  circular  Jets,  one  circular  nozzle 
was  designed  with  the  contour  shown  in  Fig.  21.  As  mentioned 
previously,  it  was  designed  to  have  the  same  area  as  the  slot 
nozzle  set  to  a  thickness  of  0.040  Inch.  It  has  an 
ratio  of  1.35.  Figure  26  Is  a  plot  of  discharge  coefficient 
versus  nozzle  Reynolds  number  for  the  nozzle. 


Table  1 

Is  a  tabulation  of 

the  nozzle 

variables 

for  both 

the  circular 

and  slot 

types. 

TABLE 

1 

Nozzle  Type 

L  (in. ) 

b  (in.) 

A  (In.^) 

Dj^  (in.) 

L/bj, 

0.020  slot 

0 . 0780 

0.010 

0.020 

0.040 

0:060 

0.080 

0.0075 

0.0150 

0.0300 

0:0450 

0 . 0600 

0.01975 

0.0390 

0.0760 

0.1111 

0.1445 

3.95 

2.06 

1.025 

0.702 

0.540 

0.040  slot 

0.1520 

0.010 

0.020 

0.040 

0.060 

0.080 

0.0075 

0.0150 

0.0300 

0.0450 

0.0600 

0.01975 

0.0390 

0.0760 

0.1111 

0.1445 

7.70 

3.90 

2.00 

1.38 

1.05 

0.080  slot 

0 . 2890 

0.010 

0.020 

0.040 

0.060 

0.080 

0.0075 

0.0150 

0.0300 

0.0450 

0 . 0600 

0.01975 

0.0390 

0.0760 

0.1111 

0.1445 

14.6 

7.41 

3.8 

2.62 

2.0 

D  (in. ) 

Circular 

0.304 

0.196 

0.0300 

0.196 

1.55 

FIG.  21 

NOZZLE  CONTOURS 
(2  X  Pull  Scale) 
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SLOT  NOZZLES 

0,080  NOZZLE  (  L/1)^®2.0  WHEN  b=  0.080 in.) 

0.1 93 


0.269  / 

■+“(- 

0.289  ^ 


0.040  N( 

0.152" 

0.152* 


/  !  N 


QUARTER 

ELLIPSE 


(l/D^=2.0  when  5  =  0.040  in.) 
Ko.ioi 


-Uj 


0.07( 

0.071 


QUARTER 

I^Z.1LUPSB 

(l/Dh=2.o  when  b  =  0,020 In.) 

*0.052 

j^QUARTER  ELLIPSE 


FIG.  21 


FIG.  22 


DISCHARGE  COEFFICIENT  FOR  THE  NOMINAL  0.020 
SLOT  NOZZLE 

(L/Dj^  =  2.0  when  b  =  0.020  In.) 


FIG.  23 

DISCHARGE  COEFFICIENT  FOR  THE  NOMINAL  0.0^10 
SLOT  NOZZLE 

fL/D..  =  2.0  when  h  =  0.0^0  in;) 


PIG.  24 

DISCHARGE  COEFFICIENT  FOR  THE  NOMINAn  0.080 
SLOT  NOZZLE 

(L/D^  =  2.0  when  b  =  0.080  in.) 
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PIG.  25 

DISCHARGE  COEFFICIENT  FOR  THE  THREE  SLOT  NOZZLES 

AT  L/D„  =2.0 
n 

The  dotted  curve  is  an  analytical  result 
for  L/Dpj  =  2.0  from  Ref.  10 


PIG.  26 

CIRCULAR  NOZZLE  DISCHARGE  COEFFICIENT 
L/Dh  =  1-55 


PIG.  27 

TARGET  TEMPERATURE  RESPONSE  FOR  RUN  NO.  153 
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APPENDIX  B  -  CALIBRATION  OP  HEAT  LEAK  PROM  TARGET 


In  the  early  stages  of  the  project,  it  was  found  that 
the  back  side  of  the  model  could  not  be  sufficiently  insu¬ 
lated  by  simply  imbedding  it  in  a  material  of  low  thermal 
conductivity,  such  as  balsa  wood.  When  this  was  attempted, 
there  appeared  to  be  some  initial  heat  leak  Into  the  balsa 
wood  support  combined  with  a  subsequent  feedback  heat 
transfer  from  the  support  to  the  target  during  the  transient 
test.  The  feedback  effect  appeared  as  a  nonlinearity  in  the 
transient  curve  of  6  versus  in  t/t^  .  To  resolve  this 
problem,  it  was  decided  to  allow  heat  leak  to  occur  only  in 
one  direction  from  the  back  side  of  the  target,  but  in  a 
manner  such  that  it  could  be  calibrated  and  allowed  for  in 


the  analysis  of  the  experimental  results.  Section  III, 
Experimental  Method,  indicates  how  this  leak  may  be  accounted 
for  in  the  analysis.  [See  Eq.  (l6)] 

In  order  to  calibrate  the  leak,  the  rear  of  the  target 
was  exposed  to  a  cavity  in  the  balsa  wood  support  rather  than 
being  simply  imbedded  in  the  support.  (See  Pig.  3a).  For 


calibration,  the  model  was  heated  and  then  the  target  or 
front  surface  was  covered  with  a  matching  balsa  wood  block 
and  cavity.  The  free  convection  transient  cooling  was  then 
recorded  and  a  value  of  *^'ieak  computed  under  the  assumption 
that  the  average  conductance,  h^^  ,  over  the  entire  target 
would  be  equal  to  .  This  technique  was  used  for  all 

four  models,  two  rectangular  and  two  circular,  used  in  the 
tests . 


The  results  of  this  calibration  are 
The  correction  factor  of  Eq.  (l6),  ^leak 
given  for  the  four  targets. 


summarized  below, 
(^leak  )  is 
^forced 


Note  that  the  heat  leak  effect  was  generally  less  than 


55^  of  the  forced  convection  effect. 
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TABLE  2  -  HEAT  LEAK  CORRECTION  FACTORS 


Correction  Factor 


Target 

K  ^'leak 

Btu 

Btu 

leak  A<.  ^  ’ 

1 orced 

hr  ft^  “P 

hr  ft^  ®F 

large 

rectangular 

3.21 

1.31 

(Ji 

=  0.!30  in.) 

sma  1 1 

rec  tangular 

4.83 

1,61 

(i 

=  0, 25  in. ) 

large 

circular 

2.08 

1 . 0^1- 

(D 

=  1.0  in  .  ) 

small 

circular 

.  87 

1,62 

(D  =  O.'s,  In.  ) 


APPENCIX  C  -  EXPERIMENTAL  UNCERTAINTY 


The  experimental  uncertainties  were  estimated  for  the 
results  as  follows: 


TABLE  3  -  SUMMARY  OP  UNCERTAINTIES 
Quantity  Uncertainty 


N 

^^St,av 

± 

5^ 

^St^av^^^St  ,av^max 

± 

6% 

C  (slot  nozzles) 

± 

2$ 

C  (circular  nozzle) 

± 

1% 

No  uncertainties  were  estimated  for  the  local  heat 
transfer  results  although  they  are  certainly  somewhat 
greater  than  5^,  since  there  are  uncertainties  in  the 
graphical  differentiating  used  to  obtain  them.  This  Is 
particularly  true  In  the  region  close  to  the  stagnation 
point  where  the  curvature  of  the  Ncl  ver.sus  Z/'h 
results  increases  rapidly. 


APPENDIX  D  -  PHYSICAL  PROPERTIES  OP  TARGETS 


Altogether,  four  flat  plate  targets  were  used  In  the 
tests.  Their  physical  properties,  including  dimensions, 
are  summarized  in  Table  4  below. 


TABLE  4  -  TARGET  PROPERTIES 

Material  (all  targets):  Commercial  grade  cast  rolled  copper 

specific  heat  =  0.0923 


Plat  Plate  _ 

Target  Weight  Dimensions  ^/^forced 


rectangular 

17.15 

grams 

0.980'’x0.500" 

xO. 243 

1.022 

Btu 

ft^°P 

rectangular- 

8.78 

grams 

0.505"x0.490'’ 

xO.250" 

1.035 

Btu 

ft^®F 

circular 

28.05 

grams 

l.O"  diam  x  0 

.  250" 

1.045 

Btu 

ft^°P 

circular 

7.22 

grams 

0.50"  diam  x 

0.250" 

1.08  - 

Btu 

ft^^P 


APPENDIX  E  -  DATA  REDUCTION  METHODS 


Average  Heat  Transfer  Coefficients 

As  an  example  of  the  data  reduction  method  used  to 
obtain  the  average  coefficients,  run  number  153  will  be 
reduced  here.  This  is  a  slot  nozzle  test  taken  with  the 
0.080  nozzle  set  at  a  thickness  of  0.040  inch.  The  Jet 
emerging  from  this  nozzle  impinged  on  the  small  target 
(i  =  0.25  inch).  The  test  data  is  given  in  Table  5  below. 


TABLE  5  -  TEST  DATA  FOR  RUN  NO.  153 


Rotameter  Pressure 
Rotameter  Temperature 
Rotameter  Reading 
Dimensions : - 
6 
b 

(see  Pig.  Id) 
c 

Plenum  gage  pressure 
Plenum  temperature 
Barometric  pressure 
e  at  t  =  2.50  millivolts 

0  at  t  =  2.00  millivolts 

0  at  t  =  1.50  millivolts 


66.85  in.  Hg  gage  at  68°  P 

520.0°  R 

95.2^ 

0.320  in. 

0.040  in. 

0.750  in. 

0.25  in. 

9.63  in.  HgO  at  68°  P 
520.0°  R 

30.00  in.  Hg  abs.  at  32°  P 
0.0  seconds 
7.5  seconds 
17.2  seconds 


For  the  O.O8O  nozzle,  the  throat  length  L  equals 
0,2890  inch,  and  when  set  at  b  =  0.040  inch  the  L/D^^ 
ratio  is  O.0760  (see  Table  1).  The  measured  flow  rate 
through  the  rotameter  Is  obtained  from  the  equation: 


w 


(lb) 

m  '  hr ' 


U.0615  (Rotameter  reading) 


^meter  pressure  (psia) 
rmeter  temp.  ( °R) i 

^  s3o.o  ‘ 


1/2 


r.n 


with  the  above  test  data,  the  value  is; 


w  =  10.61  Ib/hr 
m  ' 

The  Ideal  (C  =  l.O)  flow  rate  through  the  nozzle  is 
computed  from  Eq.  (26): 


=  4070  A  (in?) 


n  n 

T 


1/2 

) 


where  is  obtained  from  Ref.  9  as  a  function  of  pressure 

ratio  (Y  equals  O.988  for  this  test).  Then 

3. 

w^  =  12.1  Ib/hr 

The  nozzle  discharge  coefficient  Is  thus: 


C 


0.878 


This  coefficient  compares  closely  with  the  calibrated  coef¬ 
ficient  of  Fig.  24;  the  comparison  gives  a  check  on  several 
variables  as  follows.  System  air  leaks,  errors  in  reading 
the  rotameter,  and  errors  In  setting  the  nozzle  gap  can  all 
be  detected  by  checking  the  discharge  coefficient. 

The  actual  transient  temperature  response  is  plotted 
before  the  data  is  reduced  to  insure  that  the  response  on  a 
semi-log  plot  is  linear  as  specified  by  the  analysis.  A 
nonlinear  response  may  indicate  some  aberatlon  of  the  tem¬ 
perature-time  measurements  or  that  the  one  lump  of  thermal 
capacitance  and  resistance  assumed  In  the  analysis  is 
invalid.  The  response  for  run  number  153  is  plotted  in 
Fig.  27. 


The  heat  transfer  coefficient j  h.,,  ,  Is  evaluated 

a  V 


from  Eq.  (l6)i 


C  t/t 

\v  -  -  <1 - )  -  i'leak  (r^^) 

^forced  ^  ^forced 


where  the  constants^  -7 -  and  h-^  ,,  (7 — = - )  are 

^forced  ^forced 

obtained  from  Tables  4  and  2  respectively.  Thus: 


h^v  =  -  1-035 


(Vt„) 


-  4.83 


hr  ft"^  “P 


Prom  Pig.  27,  9  =  17.2  seconds  when  £ri  t/t^  =  -  0.512 

and  this  gives: 


h  =  106.2  - - 

hr  ft^  °P 


From  Table  1,  the  throat  area  of  the  nozzle  is  0.030  in' 
and  thus: 


w  lb 

a  =  —  =  50,9^1  - 


hr  ft 


From  these  results,  Nc..  ^  No  N„  ,  can  be  com- 

ot,av  AjD  r\  f  I- 

puted . 


"st.a.  -  of:  -  8-«95  • 
P 


=  7,400 


^n,i 


=  ^  =  24,341 


where  n  =  12.1x10“  lb/(ft  sec)  and  Cp  =  0.239  Btu/(lb  ®F) 
as  obtained  from  Ref.  12. 

The  result  of  this  test  is  plotted  in  Pig.  10  at 
i/la  =  6.25  . 


Local  Heat  Transfer  Coefficients 

The  subsequent  test,  run  number  154,  was  taken  at  the 
same  value  of  ^  as  153,  but  with  a  l/6  ratio  of  12,5. 
This  run  is  also  plotted  in  Pig.  10.  For  run  number  154, 

^&t  av  ~  6.752x10  ^  at  i/b  =  12.5.  These  two  runs  can 
thus  be  used  to  calculate  the  local  heat  transfer  coeffici- 
en ts  in  the  region  between  ^/b  =  6.25  and  i/b  =  12.5  as 
discussed  in  the  section  on  Extension  of  the  Transient 
Te  chnique . 

In  the  reduction  of  the  data,  Ng^  ,  the  local  heat 
transfer,  was  evaluated  only  at  the  midpoints  between  the 
average  data.  For  example,  runs  153  and  154  were  used 
(actually,  the  curve  faired  through  these  and  other  runs  at 
^  =  7400  was  used)  to  evaluate  Ng^  at  x/b  =  9.375  . 
For  this  evaluation  Eq.  (l8)  becomes: 


=  (N 


) 


x/b=9.375  x/b=9.375 


+  9.375  (- 


d  N 


St,av  X 


x/b=9.375 


From  Fig.  10,  (N,,.  )  =  7.60xl0”^  and  the 

x/b=9.375 

derivative  is  evaluated  by  taking  the  slope  of  the  chord 
between  the  two  values  of  Ng^  at  i/\)  of  6.25  and  12.5. 
That  is,  1.80x10  ^  and  A(i/b)  =6.25  .  Thus 


t  St,av'>  ~ 
'  dx  ‘ 


-1,80x10" 

6,25 


2.88x10" 
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The  final  result  is  (No..)  ,  =  4.Q0xl0'^  and  this  is 

St\/b=9.375 

the  value  that  is  plotted  in  Pig.  15.  Recall  that  these 

results  are  all  for  a  constant  value  of  N^  =  7400  . 

n 

Machine  Reduction  of  Data 

The  average  heat  transfer  results  were  calculated  on 
the  Burroughs  220  digital  computer  located  In  the  Stanford 
Computing  Facility.  The  language  used  by  the  machine  is  the 
Balgol  language.  The  following  table  gives  translation  from 
some  of  the  nomenclature  used  in  this  paper  to  that  used  by 
the  machine. 


TABLE  6  -  MACHINE  LANGUAGE  NOMENCLATURE 


Quantity 


Machine  Equivalent 


run  number 

nozzle  to  plate  distance,  8 
nozzle  spacing,  b 
transient  time,  0 
nozzle  throat  length,  L 
hydraulic  diameter, 

1/2  plate  length,  £ 
measured  flow  rate, 

m 

ideal  flow  rate, 

nozzle  discharge  coeff.,  C 

conductance,  h 


N 

N 

N 


R,i; 

R,n 

St,av 


R 

DELTA 

BETA 

THETA 

L 

DH 

LL 

W 

WI 

C 

H 

REYLEN 

REYNOZ 

STANTON 


The  following  p  go  is  a  sample  program  as  used  to 
reduce  run  number  153  on  the  machine. 


2  S't41 


JOB  1/16/621 


2M1N  D  E  METZGER  EXT  2176 


2  tOOX  BALGOU  . 

2  COMMENT  IMPINGING  JET  DATA  REDUCTION  PROGRAM  FOR  AVERAGE  HEAT  TRANSFER. 1 
2  COEFFICIENTSS  .2 
2  INTEGER  RJ  .3 
2  INPUT  DATA  ( R tMP.MT >MR .DELTA.BETA.OELT APM. OELTAPW .BP .NT .THET A.L .OH I S  .4 
2  FORMAT  HEAD1(B1.*RUN*.B3. •LENGTH-WIDTH  RATIO*. 83»*OISTANCE-WIDTH  RATIO*. 5 
2  .B3.*EXPAN-COEF.YA*.B6.«FLOW.LB/HR*.05.*FLOW.LB/HRSQFT*»B3.6 


2  .•M«8TU/MRSOFTOF*.WO)»  .7 

2  FORMAT  HCA02(a9.*L/DH*.ail.*N02ZLE  COEF*.B7.*NOZ  REYNOLDS  NO*.B3.  .8 

2  •PLATE  REYNOLDS  NO*,B2 .*STANTON  NO.H/GCP* .64 ,  .9 

2  *NUSSELT  NO.HOH/K».W2)S  .10 

2  WRITf  (**HEA01)t  WRITE  (»»HEA02)$  .11 

2  LL=0.25$  CONST1=1910.0$  CON5T2»4.83$  CP-O. 23986  X«0.0151$  MU.0.0436*  .12 

2  START.. READ(t$OATA)$  .13 

2  W  =  0.0615 (MR) .  SORT (() (MP+BP ) 10.4893  I )/14. 7 ) /(MT/530.0 ) )»  .14 

2  EITHER  IF  DELTAPM  EOL  0.0*  PS 1G=DEL TAPW. 1 0. 03606 ) $  .15 

2  OTHERWISE!  PSIG=0ELTAPM. (0.4893)$  ,16 

2  PATM=BP. (0.4893)$  .17 

2  PN02-PATMtPSlG$  ,18 

2  VA.3QRT( ( (PATM/PNOZ )*1.43) (3.5) ( 1.0-(PATM/PN0Z )*0.2B6)/) l,0-(PATM  ,19 

2  /PN02)))$  ,20 

2  WI«4070.0(B(-TA)  (0.T50)  ( YA)  .SORT(PNOZ.PSIG/NT  )$  ,21 

2  C=W/WI$  .22 

2  H=(CONST1/THETA)-CONST2$  ,23 

2  G-(144,0(W))/(0.750BETA)$  ,24 

2  REYLEN=(LL.G)/( 12.0MU)$  ,25 

2  REYNOZ.(OH.G)/(12.0MU)»  ,26 

2  STANT0N«H/ (G.CP)f  ,27 

2  NUSSELT" (H.iH) / ( IZ.OF) $  ,28 

2  OUTPUT  01 (R. LL/BETA. OELTA/BETA,YA,W.G.H)$  ,29 

2  OUTPUT  02 (L/0M,C.RETN02 .REYLEN. STANTON, NUSSELT ) $  .30 

2  FORMAT  FI ( I5.6F19.8,W0)$  .31 

2  FORMAT  F2 (85,F14.e,6F19.e,W2) $  .32 

2  write  ($$01.F1)$  write  ($$02.F2)$  ,33 

2  GO  TO  START!  ,3^ 

2  FINISH!  .35 
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APPENDIX  P  -  TABULAR  RESULTS 


Tables  7  to  10  summarize  the  reduced  heat  transfer 
data  for  slot  Jets  and  Table  11  summarizes  the  heat  trans¬ 
fer  data  for  circular  Jets. 

Table  7  presents  the  effect  of  6/b  on  N_, 

O  U  f  a  V 

Table  8  presents  the  effect  of  Z/h  on  N_, 

Ou  f  8, V 

Table  9  presents  the  effect  of  6/b  on  N„,  vs  x,/b 

Table  10  presents  the  effect  of  nozzle  exit  velocity 
profile 

Table  11  presents  the  circular  Jet  results 


TABLE 

7  . 

RESULTS  OF 

EFFECT 

'  OF  S/b  ON 

^St , av 

(SEE  FIG. 

9). 

Run 

Pp/P. 

w 

G 

b 

't/h 

5/b 

"R.n 

NR.'t 

”st,av 

•'av 

'f.  = 

0.25 

1 

1.006 

10.96 

26,322 

0.080 

3.125 

2.0 

7269 

12, 577 

0.00827 

52.2 

2 

1.006 

10.95 

26,286 

0.080 

3.125 

S.U 

7260 

12,561 

0.00914 

57,6 

3 

1.006 

10.88 

26,128 

0.080 

3. 125 

B.O 

7216 

12,485 

0.0108 

67.8 

4 

1.006 

10.87 

26,100 

0.080 

3.  125 

10.0 

7208 

12,471 

0.0106 

66.4 

S 

1.006 

10.89 

26,155 

0.080 

3.125 

15.0 

7224 

12,498 

0.00918 

57.6 

6 

1.025 

10.96 

52,615 

0.040 

6.25 

2.0 

7643 

25, 141 

0.00711 

89.7 

7 

1.025 

10.94 

52,546 

0.040 

6.25 

5.0 

7633 

25, 108 

0.00799 

100.7 

8 

1.025 

10.93 

52,490 

0.040 

6.25 

8.0 

7625 

25,081 

0.00829 

104.3 

y 

1.025 

10.92 

52,448 

0.040 

6.  25 

10.  0 

7619 

25, 061 

0,00866 

108.9 

10 

1.025 

10.97 

52,685 

0.040 

6.25 

15.0 

7653 

25, 174 

0.  00757 

95.7 

11 

1.025 

10.95 

52,587 

0.040 

6.  25 

20.0 

7639 

25,  128 

0.00666 

84.0 

13 

1.111 

10.85 

104,233 

0.020 

12.5 

2.0 

7770 

49,805 

0.00617 

154.3 

14 

1.113 

10.93 

104,926 

0.020 

12.  5 

5.0 

7821 

50, 136 

0. 00711 

178.8 

15 

1.112 

10.89 

104,510 

0.020 

12.5 

8.  0 

7790 

49,938 

0.00674 

168.8 

16 

1.112 

10.89 

104,538 

0.020 

12.5 

10.0 

7792 

49,951 

0.00661 

165.7 

17 

1.111 

10.87 

104,316 

0.020 

12.  5 

15.0 

7776 

49,845 

0.00607 

151.7 

18 

1.111 

10.85 

104,205 

0.020 

12.  5 

20.  0 

7768 

49,792 

0.00547 

136.7 

20 

1.537 

10.91 

209,572 

0.010 

25.0 

2.0 

7911 

100, 140 

0.00504 

253.  3 

21 

1.537 

10.91 

209,463 

0,010 

25. 0 

5.0 

7907 

100,087 

0.00534 

268.  0 

Ti 

1.536 

10.90 

209,353 

0.010 

25.0 

8.0 

7903 

100,035 

0.00512 

256.8 

23 

1.  534 

10.90 

209,189 

0.010 

25.0 

10.0 

7897 

99,956 

0.00491 

246.  5 

24 

1.536 

10.90 

209,353 

0.010 

25.0 

15.0 

7903 

100,035 

0.00449 

225.3 

25 

1.542 

10.94 

210,011 

0.010 

25.0 

20.  0 

7929 

100,349 

0.00398 

200.5 

28 

1.002 

6.68 

16,026 

0.080 

3. 125 

2.0 

4426 

7,658 

0.0108 

41.4 

2S 

1.002 

6.68 

16,022 

0.080 

3. 125 

5.0 

4425 

7,656 

0.0111 

42.7 

30 

1.002 

6.68 

16,022 

0.080 

3. 125 

8.0 

4425 

7,656 

0.0132 

50.7 

31 

1.002 

6.67 

16,018 

0.080 

3. 125 

10.0 

4424 

7,654 

0.0135 

51.8 

32 

1.002 

6.67 

16.014 

0.080 

3. 125 

15.0 

4423 

7,652 

0.0119 

45.7 

33 

1.002 

6.67 

16,014 

0.080 

3.  125 

20.0 

4423 

7,652 

0.010.5 

40.  2 

34 

1.010 

6.67 

32,028 

0.040 

6.25 

2.0 

4652 

15,304 

0.00948 

72.8 

35 

1.010 

6.67 

32,016 

0.040 

6.25 

5.0 

4651 

15,300 

0.00965 

74.  1 

36 

1.010 

6.67 

32,019 

0.040 

6.25 

8.  0 

4651 

15,298 

0.0103 

78.9 

37 

1.010 

6.67 

32,011 

0,040 

6.25 

10.0 

4650 

15,296 

0,0104 

BO.  1 

38 

1.010 

6.67 

32,011 

0.040 

6.  25 

15.0 

4650 

15, 296 

0.00953 

73.  1 

39 

1.010 

6.67 

32,011 

0.040 

6.25 

20.0 

4650 

15, 296 

0.00845 

64.9 

40 

1.045 

6.68 

64,138 

0.020 

12.  5 

2.0 

4781 

30,647 

0.00726 

111.6 

41 

1.045 

6.67 

64,022 

0.020 

12.  5 

5.0 

4772 

30,592 

0.00839 

128.7 

42 

1 . 045 

6.67 

64,022 

0.020 

12.  5 

B.O 

4772 

30,592 

0.00832 

127.8 

43 

1.045 

6,67 

63,999 

0.020 

12.5 

10.0 

4771 

30,  581 

0.00809 

124.2 

44 

1.045 

6.67 

63,989 

0.020 

12.5 

15.  0 

4770 

30,576 

0.007  56 

116.  1 

45 

1.045 

6.67 

63,989 

0.020 

12. S 

20.  0 

4770 

30,576 

0.00692 

106.  2 

46 

1.  272 

6.67 

128,078 

0.010 

25.0 

2.0 

4835 

61, 199 

0.00600 

1B4.3 

47 

1.  27  2 

6.66 

127,945 

0.010 

25.  0 

5.  0 

4830 

61,  136 

0.00633 

194. 1 

48 

1.270 

6.66 

127,911 

0.010 

25.0 

8.0 

4828 

61,  120 

0.00647 

198.4 

49 

1.269 

6.66 

127,911 

0.010 

25.0 

10.  0 

4828 

61,  120 

0.00613 

188.  1 

50 

1.269 

6.66 

127,878 

0.010 

25,0 

15.  0 

4827 

61,  104 

0.00577 

177.  1 

51 

1.269 

6.66 

127,865 

0.010 

25.0 

20.0 

4827 

61,097 

0.00512 

157.0 

77 

1.001 

4.51 

10,824 

0.080 

3.  125 

2.0 

2990 

5,172 

n.0135 

35,0 

78 

1.001 

4.51 

10,827 

0.080 

3.  125 

5.  0 

2990 

5. 174 

0.0139 

36.  1 

79 

1.001 

4.50 

10,808 

0.080 

3.  125 

8.  0 

2985 

5,165 

0.0158 

40,9 

80 

1.001 

4.50 

10,792 

0.080 

3.  125 

10.0 

2980 

5.  157 

0.0166 

42,9 

81 

1.001 

4.49 

10,781 

0.080 

3.  125 

15,  0 

2977 

5,  151 

0.0149 

38.  5 

'1  » 

0.  50 

87 

1.  127 

4  Ai 

790 

0.010 

50.0 

2.0 

3217 

81,441 

0.00460 

94.0 

88 

1 .  127 

4.43 

H5.  Ill 

0.010 

.SO.  0 

s.  n 

3213 

81,337 

0.00486 

99.  2 

89 

1.127 

4.44 

85,242 

0.010 

50.0 

8.  C 

3218 

81,462 

0.00508 

103.9 

90 

1.127 

4.45 

85,  373 

0.010 

50.0 

10.  0 

3223 

81, S88 

0.00496 

101.5 

91 

1.127 

4.44 

85.  242 

0.010 

50.  0 

15.0 

3218 

81,462 

0.00475 

97,  1 

92 

1  127 

4.44 

85,  154 

0.010 

50.  0 

20.  0 

3214 

81,  379 

0,00450 

92.0 

93 

1.583 

11.06 

212,447 

0.010 

50.  0 

2.  0 

8020 

203,027 

0.00336 

171.  3 

94 

1.58  3 

11.06 

212,447 

0.010 

50.  0 

5.  0 

8020 

203,027 

0.00336 

171.3 

95 

1.583 

11.04 

212,007 

0.010 

50.0 

8.  0 

8003 

202,606 

0.00331 

168.  2 

96 

1.583 

11.03 

211,787 

0.010 

,50.0 

10,  0 

202  396 

0.00319 

162.  1 

97 

1.583 

11.03 

211,787 

0.010 

50.0 

15,  0 

7995 

202. 396 

n  nn'ino 

1  ^ 

98 

1.583 

11.03 

211,787 

0.010 

50.0 

20.  0 

7995 

20  2,  396 

0.00288 

146. 4 

57 


TABLE 

8.  RESULTS  OF 

EFFECT 

OF  hh  ON  Ng^ 

»  fl  V 

(SEE  FIG. 

10). 

Run 

Pn/P. 

n'  a 

w 

G 

b 

1 

-t/b 

Nr.h 

''•St.av 

••av 

5/b  = 

8.0 

124 

1.006 

11.18 

26,820 

0.080 

6.25 

7407 

25,631 

0.00849 

54,6 

128 

1.024 

10.65 

51. 118 

0.  040 

O.SO 

12.50 

7425 

48,852 

0.00696 

85.2 

132 

1.102 

10.40 

99,874 

0.020 

0.50 

25.0 

7445 

95,  445 

0.00504 

120.8 

136 

1.435 

10.25 

196,841 

0.010 

0.50 

50.0 

7430 

188, 113 

0.00305 

160.7 

139 

1.004 

8.96 

21,520 

0.  080 

0.50 

6.25 

5943 

20,565 

0.00952 

49.2 

140 

1.017 

8.54 

40,974 

0.040 

0.50 

12.50 

5951 

39, 157 

0.00770 

75.6 

141 

1.068 

8.31 

79,756 

0.020 

0.50 

25.0 

5945 

76, 219 

0.00563 

107.6 

142 

1.318 

8.19 

157,281 

0.010 

0.50 

50,  0 

5937 

15,031 

0.00373 

140.7 

143 

1.002 

6.74 

16, 164 

0.080 

0.50 

6.25 

4464 

15,448 

0.0108 

41.8 

144 

1.010 

6.41 

30,750 

0.040 

0.50 

12.50 

4467 

29, 387 

0.00853 

62.9 

145 

1.043 

6.25 

59,993 

0.020 

O.SO 

25.0 

447  2 

57,333 

0.00626 

90. 1 

146 

1.195 

6.15 

117,987 

0.010 

O.SO 

50.0 

4454 

112,755 

O.OU421 

119.2 

147 

1.001 

4.49 

10,782 

0.080 

O.SO 

6.25 

2978 

10,304 

0.0129 

33.3 

148 

1.005 

4.28 

20,539 

0.040 

0.50 

12.50 

2984 

19,628 

0.0101 

49.9 

149 

1.019 

4.17 

40,010 

0.020 

0.50 

25.0 

2982 

30, 236 

0.00740 

71.0 

ISO 

1.100 

4.11 

78,922 

0.010 

0.50 

50.0 

2979 

75,423 

0.00513 

97.  1 

151 

1.006 

11.  16 

26,775 

0.080 

0.25 

3.125 

7395 

12,794 

0.0108 

69.2 

152 

1.010 

10.91 

34,916 

0.060 

0.25 

4. 167 

7414 

16,684 

0.00984 

82. 4 

153 

1.024 

10.61 

50,941 

0.040 

0.25 

6.25 

7400 

24, 341 

0.00870 

106.2 

154 

1.100 

10.  37 

99,595 

0.020 

0.25 

12.50 

7424 

47, 590 

0.00675 

161.3 

155 

1.432 

10,  22 

196.312 

0.010 

0.25 

25.0 

7410 

93,803 

0.00485 

228.  1 

156 

1.004 

8.95 

21,476 

0.080 

0.25 

3.125 

5931 

10,262 

0.0120 

62.0 

157 

1.007 

8.72 

27,918 

0.060 

0.25 

4.167 

5928 

13,340 

0.0108 

72.5 

158 

1.016 

8.53 

40,921 

0.040 

0.25 

6.25 

5944 

19,553 

0.00959 

94. 1 

159 

1.068 

8.31 

79,756 

0.  020 

0.25 

12.5 

5945 

38,  no 

0.00749 

143.2 

160 

1.292 

8.20 

157,362 

0,010 

0.25 

25.0 

5940 

75, 192 

0.00537 

202.8 

161 

1.002 

6,72 

16, 123 

0.080 

0.25 

3.125 

4453 

7,704 

0.0135 

52.2 

162 

1.004 

6.SS 

20,965 

0.060 

0.25 

4.167 

4452 

10,018 

0.0122 

61.5 

163 

1.010 

6.40 

30,711 

0.040 

0.25 

6.25 

4461 

14, 675 

0.0109 

80.1 

164 

1.042 

6.24 

59,932 

0.020 

0.  25 

12.5 

4467 

28,637 

0.00841 

120.8 

165 

1.  178 

6.  14 

117,927 

0.010 

0.25 

25.0 

4452 

56, 349 

0.00608 

172.0 

166 

1.001 

4,  49 

10,765 

0.080 

0.25 

3. 125 

2974 

5,  144 

0.0163 

42.  1 

169 

1.019 

4.  16 

39,959 

0.020 

0.25 

12.5 

2979 

19,094 

0.00993 

95.2 

170 

1.092 

4.11 

78,962 

0.010 

0.25 

25.0 

2981 

37.730 

0.00744 

141.0 

186 

1.002 

4.  39 

14,054 

0.060 

0.  25 

4. 167 

2984 

6,716 

0. 0145 

48.8 

107 

1.005 

4,27 

20, 511 

0.040 

0.25 

6.25 

2979 

9,801 

0.0129 

6  3.4 
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TABLE  9.  HESULTS  OF  EFFECT  OF  S/b  ON  VS  l/h  (SEE  FIG.  11). 


Run 

P  /P 
n'  » 

w 

G 

b 

■  l/h 

8/b 

NR,n 

'^St,«v 

hj., 

0.50 

122 

1.006 

11.19 

26,848 

0.080 

6.25 

2.0 

7415 

25,657 

0.  007  37 

47.5 

123 

1.006 

11. 19 

26)834 

0.080 

6.25 

5.0 

7411 

25,644 

0.00782 

50.3 

125 

1.006 

11.19 

26,848 

0.080 

6.25 

15.0 

7415 

25,657 

0.00746 

48.0 

126 

1.024 

10.65 

51,118 

0.040 

12.5 

2.0 

7425 

48,852 

0.00682 

83.7 

127 

1.024 

10.65 

51.092 

0.040 

12.5 

5.0 

7422 

48,827 

0. 00676 

82.9 

129 

1.024 

10.67 

51,197 

0.040 

12.5 

15.0 

7437 

48,926 

0.00598 

73.4 

130 

1.102 

10.40 

99,823 

0.020 

25.0 

2.0 

7441 

95,397 

0.00505 

120.8 

131 

1.102 

10.39 

99,772 

0.020 

25.0 

5.0 

7437 

95,348 

0.00519 

124.2 

133 

1.102 

10.42 

100,027 

0.020 

25.0 

15.0 

7456 

95,591 

0.00454 

109.0 

134 

1.435 

10.26 

196,942 

0.010 

50.0 

2.0 

7434 

188,209 

0.00350 

165.1 

135 

1.435 

10.25 

196,841 

0.010 

50.0 

5.0 

7430 

188,113 

0.00340 

160.7 

137 

1.435 

10.26 

197,042 

0.010 

50.0 

15.0 

7438 

188,305 

0.00320 

151.3 

» 

0.25 

l71 

1.006 

11.  16 

26,789 

0.080 

3. 125 

2.0 

7  399 

12,801 

0.00837 

53.8 

172 

1.010 

10.89 

34,844 

0.060 

4.167 

2.0 

7,399 

16,649 

0.00780 

65.  1 

173 

1.024 

10.64 

61,086 

0.040 

6.25 

2.0 

7421 

24,410 

0.00777 

95.2 

174 

1.098 

10.36 

99,493 

0.020 

12.5 

2.0 

7416 

47,541 

0.00664 

158.4 

175 

1.430 

10.22 

196,312 

0.010 

25.0 

2.0 

7410 

93,803 

0.00510 

240.0 

176 

1.006 

11. 16 

26,775 

0.080 

3.125 

5.0 

7395 

12,794 

0.00958 

61.5 

177 

1.010 

10.89 

34,844 

0.060 

4. 167 

5.0 

7399 

16,649 

0.00883 

73.8 

178 

1.024 

10.65 

51,112 

0.040 

6.25 

S.U 

7424 

24,423 

0.  00789 

96.8 

179 

1.098 

10.36 

99,493 

0.020 

12.5 

5.0 

7416 

47,541 

0.00708 

168.8 

180 

1.430 

10.22 

196,312 

0.010 

25.0 

5.0 

7410 

93,803 

0. 00503 

236.9 

181 

1.006 

11. 16 

26,775 

0.080 

3.125 

15.0 

7395 

12,794 

0.00900 

57.8 

182 

1.010 

10.89 

34,844 

0.060 

4.167 

15.0 

7399 

16,649 

0.00821 

68.6 

183 

1.024 

10.64 

51,072 

0.040 

6.25 

15.0 

7419 

24,404 

0.00756 

92.6 

184 

1.098 

10.  36 

99,442 

0.020 

12.5 

15.0 

7413 

47,516 

0.00587 

139.9 

185 

1.  430 

10.  23 

196,413 

0.010 

25.0 

15.0 

7414 

93,852 

0.00417 

196.  2 
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TABLE  10.  RESULTS  OF  EFFECT  OF  NOZZLE  EXIT  VELOCITY 
PROFILE  (SEE  FIGS.  13  AND  14). 


Run 

P  /P 

w 

G 

S/h 

NR.n 

Nr,^ 

'''st,av 

L/D^ 

't  •  0. 

25,  b  • 

0.020,  -t/b  ■=  12.5 

40 

1.045 

6.68 

64,138 

2.0 

4781 

30,647 

0.00726 

7.41 

41 

1.045 

6.67 

64,022 

5.0 

4772 

30,592 

0.00839 

7.41 

42 

1.045 

6.67 

64,022 

8.0 

4772 

30, 592 

0.00832 

7.41 

43 

1,045 

6.67 

63,999 

10.0 

4771 

30,581 

0.00809 

7.41 

44 

1.045 

6.67 

63,989 

15.0 

4770 

30,576 

0.00756 

7.41 

45 

1.045 

6.67 

63,989 

20.0 

4770 

30, 576 

0.00692 

7.41 

52 

1.040 

6.70 

64,288 

2.0 

4792 

30,718 

0.00743 

2.0 

53 

1,040 

6.70 

64,321 

S.O 

4795 

30,734 

0.00811 

2.0 

54 

1.040 

6.70 

64,354 

8.0 

4797 

30,750 

0.00811 

2.0 

55 

1.040 

6.70 

64,354 

10.0 

4797 

30,750 

0.00783 

2.0 

56 

1.040 

6.71 

64  ,  387 

15.0 

4799 

30,766 

0.007  52 

2.0 

57 

1.040 

6.70 

64,403 

20.0 

4801 

30,774 

0. 00664 

2.0 

9 

O 

50,  b  «■ 

0.020,  i/b  <=  25.0 

101 

1.  115 

11.  08 

106,  333 

8.0 

7926 

101,618 

0.00494 

7.41 

102 

1.078 

8.87 

85,176 

8.0 

6349 

81,399 

0.00534 

7.41 

103 

1.047 

6.67 

63,997 

8.0 

4770 

61,159 

0.00612 

7.41 

104 

1.022 

4.46 

42,774 

8.0 

3188 

40,877 

0.00725 

7.41 

113 

1. 103 

11.02 

105,8  38 

8.0 

7889 

101, 145 

0.00452 

2.0 

114 

1.067 

8.90 

85,417 

8.0 

6367 

81,630 

0.00513 

2.0 

115 

1.038 

6.66 

63,964 

8.0 

4768 

61,128 

0.00584 

2.0 

116 

1.018 

4.45 

42,709 

8.0 

3184 

40,815 

0.00668 

2.0 

TABLE  11.  CIRCULAR  JET  RESULTS  (SEE  FIGS.  18  AND  19). 

Run  P„/P„  w  G  S/D  Ngt,., 

't  »  0.50.  D  «  0.  196,  'C/D  =  2.55 

508 

1.021 

11.05 

52,762 

1.0 

19.766 

0.00724 

91.6 

509 

1.021 

11,03 

52,651 

5.0 

19,  724 

0.00585 

73.9 

510 

1.021 

11.05 

52,762 

8.0 

19,766 

0.00549 

69.4 

511 

1.004 

4.  49 

21,437 

1.0 

8,031 

0.0100 

51.5 

512 

1.004 

4.49 

21,448 

S.O 

8,035 

0.00870 

44.7 

513 

1.004 

4.  49 

21,426 

8.0 

8,027 

0.00787 

40.4 

514 

1.015 

8.95 

42,742 

1.0 

16,012 

0.00778 

79.7 

515 

1.C09 

6.72 

32, 106 

1.0 

12,027 

0.00856 

65.9 

=  0.25,  U  =  0.  196,  4/3  •  1.28 

516 

1.022 

.  11.  10 

52,985 

1.0 

19,850 

0.00745 

94.6 

517 

1.022 

11.09 

52,901 

5.0 

19,818 

0.00747 

94.6 

518 

1.022 

11.04 

52,706 

8.0 

19,745 

0.00733 

92.7 

519 

1.004 

4.49 

21,437 

1.0 

8,031 

0.0119 

61.5 

520 

1.004 

4.49 

21,426 

5.0 

8,027 

0.0119 

61.5 

521 

1.004 

4.48 

21,415 

8.0 

8,  022 

0.0111 

57.  1 

522 

1.014 

8.90 

42,521 

1.0 

15,  929 

0.00839 

85.6 

523 

1.009 

6.72 

32, 106 

1.0 

12,027 

0.00950 

73.2 

6o 
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kuihirr.,  Alataaa 
(l}Attni  frof.Donald  Veatal, 
Ctiatman 

Briokijm  folytaohnio  Inatltuta 
9  Llvlnutan  Street 

iDAttni  Rnginaaring  ttbrary 
CaiiforAla  Inat,  of  Taohnoioa* 
1201  Beat  Callfornta  Street 

(iJAttni  Mchanioal  l^rg.  Ukrar* 
(1)  Prof.  D.  K.  Saga 
UeSvaraity  of  Callforitla 
Collage  of  lf«lne«rlng 

I  VrkoJej.  k,  falifomte 
lUltni  teen  I.  D,  foM 

IJ  Prof,  H.  A.  Johnaon.K.t. 

1>  tror,  A.  K.  Op^nhaiOfN.l. 

Vhlvcrolty  of  Calirernla  at 
lo»  Aiigelea 
^taaertng  tepartaant 

CNAlfornia 
llAttn,  fc.B  L.||,K.  Boeltor 
l(  •».  J.  King 

ft  £f*of4  Ryron  Trii-ua 

■/  Rr.  H.  Buonharg 

Caar  Inatltotc  of  fechnolccv 

hrpt.  of  Hechanical  Enpr/,  ' 
VnlvtrattY  Circle 
Clcvelani  h,  Chlo 
(MAttn.  Trof.  J.  H.  >!ose>-o»hi 


Wnlvaraltk  af  Vaihlngton 
Coiiaga  or  Ihgtnadrlng 
leattia  9,  ttaahington 
(l}Attni  tearv  H.  I,  Maaaan 
Dnlvaraity  of  vlBConaifl 
tepi,  af  teehanieal  Ingrg, 
Nidiaon,  Niaeonain 
(l}Att»i  Prof.  Ndward  Okart 
Aarofet>Oanarai  corp. 

Liquid  Inglna  Mvlaion 
Acuaa,  California 
(l)Attni  Kr,  C.  C,  Roaa 

Aerojet-Oenaral  Nucleonlca 
fosterla  kay 
ten  Ranon,  Callfocnia 
(l)Attnt  Library 
U)  Dr.  D.  L,  Cochran 

(1)  Nr.  A.  LUI.-; 

YYia  Air  Prahaatar  Carp. 
Nalltvllla,  Na«  York 
(DAttnt  Nr.  Hllaar  farlaaon, 
Taalinloal  Manager 
AlRaaaarch  Rfg.  Ceapany 
0691^99^1  sapulvtda  Mlvd. 

L«a  Ai^elaa  »9,  Caliiernle 

IplAttni  Kp.  S.  X.  Andaraap 

1}  Dr.  <1.  I.  Coopaga 

II  Rr,  A.  L>  JoKnaon,  It, 

1}  DP.  John  Htaon 

AlRcaearch  ManuraotuMr^  Co. 
402  South  36th  Street 
fnoenix,  Arieona 
(l}Attni  nr,  i.  B.  Spangler, jr. 
(1)  Xlrar  Ifhecler, 

Dept.  93-32 
Alco  rroducta,  Ine. 

Dunlclrk,  teM  Terk 
(DAttni  Nr.  S.  Aopp 

Allla-Chilaara  fVg.  Co. 
Oeneral  Naehinery  Diw, 
Mllwaukaa  1,  Vlaeonaln 


The  Cothnlie  Vntverntty  of  AnrHca  () )A(tni  NT.  bI  C.  Allan,  Mr. 
tefartmoni  <vP  Nechanlcol  EnglAtarifg  of  Raoh.  Knarg. 

{•)AU;'!'’&r‘’'‘B‘'fc  YMn.  Ar,erlc.i..S»andord 

t'JAtti  t  Nr.  B.  R.  JorJaii  aivM-.*e,l  ‘Teehrolivv  lota 


(in)i(ini  hcc 
".fl.Ar-y 


".fl.Ar-y  Or.li  il  M  N'^iille 
Ar-:.  tiiilUtl.'  Apar^y 

ft'  l-i'.irr  Ann  hi,  i'.wi-a 
(ijAMm  ciihAn.RHr 

>',S,A»-'t  Nfiorey  Co-rtaator. 
rlo'-s  »i- 1  Ai.otrcto  ivnr'n 
Va.'i-l  igt  'n  D.  c. 

(’>Altni  RjJor  J.n.nsKlirr.VSAP 
V.S.Atoftt.-  Ehcrgy  Co«^(i«lo>. 
Mviflirp  <,f  Ncetor  tevelntaeni 
Ysf“'.r<;‘?«  0.  r, 

COAltniChlef ,  Beietor  CoT.'hent 
tevrl.  j'r.eM  l\ra'>r>v 
ll)  Kr.  Ik-rJlIrffr 
(1  IjJ.g.Atpetf  Rirrey  C-'-vUal'hr- 
1i,-r.r!.-al  tnrernt ivn  .Vrvl.-r 
P.O.Pn*  t 

O.lii  Allcr,  Trrirnare 
Dli-cctop 

Ip«li>eerln*  iWa.an]  IVv.ieb 
Poi".  teJvolr,  VlrclnU 
njAtlni  Ikad, Nuclear  Power  Rr*i>en 
tj.S,f>i3i  doaro  It)' 

Teitir«  and  tevelopaent  ptv, 

IV>3  I  Mroet 
Vaiiitnfton,  P,  C. 

(IlAIIni  k.S, Vaughn,  Cdr.,  I'SCO 
NpigM  Air  tevelorwn;  Cemer 
.WrUNt -raileracp  APB.  OMo 
[llAUr.-  VOAgO.? 

(I)  te.M.l,ter||,gl(|A9 

national  Aeronauticf  irv] 

.tpae#  AiBlnlatpat({u> 

Aaai  tereeren  center 
terrall  Plell,  Ctllfornta 
(,'}At(nl  >.Urar; 

iBtional  Aeronautlca  irxj 
Praci  Adtilniairillor. 
langtey  Reffli’cli  Center 
langley  P|r!d 
Naagtop,  Vlr«lnl> 

I'Dlllni  l.itrary 


rn-e  Adt'-lrtraslcr 
jxwj  1  Cfi'iff 

Drv'oafarl'  A-nJ 


Cvlur.I.io  Ui.lverelty 

Hoot  Y.nnefcr  Rocfarcli  Poollliy 

f.O.Doz  .''41.,  Station  J, 

N-.-w  v-rh  f7.  New  fork 
()}Attnt  AF>'  Contrnct  Cuaia-.iton 
Svrnall  Uhiveralty 
College  of  Rrglneerlnt 
^pt.  of  Heat  Power  Enarg. 
..-Sthaea,  Nae  York 
lllAttni  Prof,  tevid  teopkln 
l/nlveralty  of  Nouoton 
techanteai  Engineering  Dept. 


Illlnola  tnat.  of  Technology 
tept.  of  Nechanleel  trwrg. 
Tkobitotof*  conter 
cnieago  16,  Illlnola 
(l)Attni  N»at  Tranafer  Lae 
Vnlvernltv  of  lltlnolo 

Pc.-n.  Knpineerirg  tvpt, 

VrVena,  tllinoll 
()>Attni  rroi .  S.  t.  &00 
tehigh  Vntveralli 
terartnant  of  Nrer.  Ct^rg. 
tethltbaa,  Pennaylvartlo 
(DAttni  Prof.  Prank  Kreith 
Meaeaohueette  l»at.  of  Tkrh. 
Caatvwp.e  39, 

IDAtlnt  Prof.  Jooepn  Mye. 

...  Nech.  E.hgi.g. 

ti)  •rvt.  ttarola  S.  Niekltp 
Chew.  Krcrg. 
r.-if.  S.  TSflr." 

n..  If,^ 

<()  Prof.  Vtniaw  N.  itoAdaM 

O^a.  Engr*, 

1»}  Prof,  warren  M,  notteenow 

tech.  Kngrg. 

'.'nlveralty  of  ktvMgen 
278  k,  Xriglneerlrg  Hide. 

Ann  Artor,  Mlcnigen 
(I)Attni  Prof.  j.  A.  Clark 

(>)  Prof.  p.  L.  9cl>mrt( 

Vnlverelty  ef  Rlnrcaota 
teer.**>lRel  teglneerlng  tept. 
Ninneapolla,  Rtnreaota 
(l)Attni  rr.  a.H.O.lekert 
Vrlv«ra;i>  of  »•  laaitvo 
tept.  of  teen.  Ei«tneerind 
AUu<)uareua.  lew  teileo 
tDAitr.i  fref.  V.  3.  saegluaal 


iwpt,  o{  tecionleal  Er^-g. 
UnWeratlT  Nalga.ta 
■rw  Ter*  93,  tew  Terk 


rrnf,  A.  a,  teavr.jr. 
CVl-rcr*.-.- 


fh^rduv  TTlieratty 

V'.-.hl  aP  te<K*»|ral  Rri«rg. 

-'.t'-rz  Pror .  S.  Clara 
Vr-I^eraity  e*  Bar  tc  Clira 
Santa  Ciara.  eeliror>--U 
I'lti--  pypf.  a.  V.  feriay 


ArierleaifSlan-iard 
AJvnireJ  Trcnroloa-y  lots 
3'’.9  Besd 

atniinih'  View,  Calif. 
<l)Attr.i  p,  {.nnaing 

Anerlea*  aniard  Corp. 
Iniuati  Mvlaion 
8111  Tlranan  Avarua 
.  lotroU  32.  Hichlgin  ,  ^ 
(l^Actr.t  Nr.  T.  Tinker, V-P, 

TecbMcal  tevPlopaanl 
AMPtcan-Slandapd  Corp. 
Induatriai  viviiion 
P.O.  Boa  2061 
Ruffalo  9,  Mae  York  ^ 
(l)Attr.i  te. J.A.Jeat.Dir.Raa. 
(J)  Nr.I.H.rrU-Jrnn.lYir. 

Maa.  Xhfliwerlrfl 
Argonne  Kalluoal  lota 
9100  .‘V'-ith  Cam  Ave. 
Argonne,  llllpvle 

illAttni  TeehMoal  Mlrary 

1)  Dr.  n.  I.  Spinrad, 

bIr.Reoetor  Engrg, 
(l>  l>r.  Devil  xmer. 


3080  Natn  Streel 
,  ,DuffaJo  J*.  Nee  Vnrv 
(llAttni  Mr.  .3,  3.  Tkiawr 
Are,  In«  . 

Technical  Inforaatlpn  Braren 
TuilahoMA,  Tennaaaaa 
(l)Attni  Pfr.  <1,  (.  tendaii 

a»i*p*lr  .Y'i'tafch  Corr-ovatun 
Alctarirli,  Virelnje 
(lUttM  '.T.  N.  Maricela,  Jr. 
gto3l<  a  I'^terpatlnna. 

P.O.  Ik>*  309 
Can-Yti  Park,  Calif. 

(l)Atlr'l  l.lkrary 

Atoaic  Powep  t»v,  Aaaoelhtaa.In 
1911  Mrel  Street 
teiro?t  Niehlgan 
jii.t'M  )►.  1. 

(l»  Dr.  kayn*  p,  Jenr 

Aren  teeeareh  lAt 

?383  Mevere  teach  Parkwa* 

gverott  *9,  teaa. 

(T)Attna  Teehnual  litear; 

(UThe  teteoei  and  wiluvi  Co 
J*!*!!***-**^  f^ntor  ■ 
f.o  tel  9>3 

Alliince,  oei|p 


C.  P.  fk-aur  ana  ue. 
lOOO  2.  Preaent  St . 
«ir.o«pc,  reuf, 
(lUl'.r-t  me.  U-rl  fr.:s;;n 


19  rwetor  St 
•ew  York  L.  New  York 
(IrAttri  Nr.P.R.Sidior.Prat. 


Bpowi  Plri3ttk*  Co. 

360  llaron  St. 

Slyplaf  Ohio 

(l)Attni  te.John  M.lrem,Jr, 
California  RoMtreh  Con. 
RloMond,  Calif. 

(l)Attni  OF.J«K.teepliaroon 
Carrier  Corporattan 
300  South  OoSdta  St. 
.SmeUM  If  R,  Y. 

(l}Attni  IngimtrlrK  Lik. 

Caterpillar  Traetor  Co- 
.  .Horio  8,  lUtMla 
(ijAttni  Kr.M.S.ikerhard.Nea 
(1]  tea.N.H.tandttitr 

Ria.  Ukrary 

(1)  te>.  uayd  I.  JaNnaoa 

Chtpaier  Corporation 
Autoavtivt  Rgeoareh, 

Bast.  9Sl 

12883  flroenfleld  Ave, 
Detroit  27,  Nlohlgen 
(l)Attni  te.A.eherloNt, 

Rea.  teiglneer 
Cooper  Beaatnar  Corp, 

Mt.  V’ernon,  Ohio 
(l)Attni  Nr.N.  t.  Boyer, 

Vlee  Brea. 


Buffalo  21 f  Nav  York 
(llAetni  BlM  T.lvanifLierarlan 
hlSetrolt  Idleen  Ce, 

Nualear  teaaer  Mvielen 
Detroit,  HiehlgeB 

Coataodyne  Corporation 
9303  VPit  I04th  Street 
t.oa  Angaloa  49,  Callfariita 
(l)Attri  Alloi-t  B.  Seed,  Propel 
Manager,  Applicitiona 

DraytrwKinaftA,  Xiu. 

Boa  2213  Tereiinal  Annas 
LOA  Ai^aiaa  9*,  Calif. 

(1) Abtril  Nr.  Oorden  H.Jaokaon, 

Vie*  President 
Eltal.teCu)lot«hi  Ino. 

798  San  Mateo  Ivt. 

San  tkuno,  Calif. 

(2) Attni  Nr.  J.S.teCulloi^h, 

Mgr.  Besaaroh 
■laetrlo  Root  Ooa^ny 
Oroton.  ConMotlaut 
(l)Attni  Mr.E.S.tenniaon 
Elliott  Cowany 
Jaannalto,  rennaylvanla 
{l)Attni  Tw.  J.Hodgar  Shlaldi, 
Dav.lngrg.tept. 
Palrrnild  Engine  and 
Airplane  corporation 
PAlPcnild  AatrlonlCB  ply. 
Vynnlnrri,,  lx>nA  Ielan>J,N.T. 
())Attni  Air*  toivJon,  Sr, 
Xiv:ineep,Aero- 
npchanlea  Dlv. 
Palrohlld  Rngtne  sro 
Airplane  Corp. 

Stretoa  Dlvleion 
ter  Shoro,  ivhng  Ialar>d,H,l. 
(DAttni  Rr.V.L.NY.nney.Jr. 
tea.  Snginoer 
Perrotner*  Cote’any 
1661  A.  6311.  Street 
Cleveland  >,  Chlo 
(2)AUni  Rr.  9v«n  Hoi* 

Tko  Pluor  Corp.  Ltd. 

Raaeareh  and  cev,  Dlv, 

P.O.teA  310 
Whlttlar,  Celir. 

(DAttni  Hr.C.I,.Rintei, 

%r.  teaeareh 
PorJ  Rotor  Coapsny 
Deertomp,  Mlohlgan 
(DAttnt  ib-.Paul  Klotcah, 
tel.  Dlv. 

(D  te.D.N.Prey, 

aoientirie  Ub 

(I)  Rra.Raehfl  MacDonald, 

Eng. Starr  Library 
(I)  Nra.L.R.PhillIpe, 

Super  intendant, 

Taeh.  Infe.Sec., 
Selentirii  Lab 


Potter  vneeler  Corp. 

363  Broadway 
■te  Vora  6,  M*  York 
(DAt'-ni  Mr.  John  muard,  Ptr, 
Ha*,  and  tngtnaartng 
Tr.k  Pranklln  Injlllute 
Uloraloriaa  tor  Aeae*rch 
am  mvelopaeni 
Philadalphla  3,  fa. 

(l)Ai'ni  Rr.y.l.. Jaekaon 
9ercr»l  Drneatci  Corn. 
Oneral  Atowlc  IMvialon 
P.O,  tev 

Skh  WcRo  12.  Calif. 

(DAltri  P.N.SlPpatri,  Itocj^nt 
Cuatudiai' 

ie'«ril  Electrit  C'vHeny 
Atocle  Tower  Ettulratnt  Mv, 
Sen  Joav,  Call lornlt 
OAltn,  V.  I,  ».tnarlinl 
(-.  )  P.  E.  T-PPetla 

Oerwral  Elec. vie  Cn^eny 
CincinMll  13,  <e.5o 
(DAttni  m.  R.  k.  Laililei, 

ASrerart  ejrjwar 
ProfAiIaien  Pept, 


■•1  Ergir^vrlra 

•ft’il,  K*w  v.jrK 

»ra,'’.p.l»ueki*M 
fr.  H.  Norn  a. 
TYwraal  Ecara. 
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G«-erdl  Elfcr.rtc  . 

Seclion,  llrpt. 

R'.cManiJ,  Wftj.'.’.r-i'on 
(l}Al!n:  Cjr3r,»r  L.  Locke 

G-'i-rs;  E1c-*.r'..'  Cf'^pany 
ST.all  A!.“cr»r?  E.-y.-ve  &ep*’, 
kes-f-rr  Avr'-ic 
V'-f.-:  : '/nn  !»J13. 

(J)A:tni  p.A.Hsrfic.':,‘<.irlr-.e 
.rJaa*.r!al  X.-irkc' 
r»-*.*lop“ir  il 

(1)0*'.' i' •  Corp. 

i'-ii'i'p.  :.'e  DtvJ,lo^ 
itS'.h  ar-d  flof-liu  Jl.3. 

San  Franclscc,  Pril  l.'orn ia 
Oneral  Motors  Corp. 

Allison  OlvlaLon 
Indlanapol  la  t)a  Indiana 
;i)A'.tni  Mr.  n.  M.  Hiien, 

Dir.  Engr^. 

General  Notora  Curp. 

Rraeareh  Latoratorlea 
1?  Mila  and  Mound  Hoada 
Mr-'-v!-.,  Mlehlran 
•r  .Attn  Kr.rf.A.Turunan,  3*4 
?■.•;•!  In*  r*epr. 

O )  •  V.  T.  Sillh 

0«naral  Motorf  Corp. 

Karrlaon  Radiator  Dlv, 
Lockport,  S'**  York 
(ZUttrj  Rr.  k.  Qodfrty 


Oanaral  Mielaar  tnclnaartng 
Corporation 
Dunadln,  Florida 
(l)Aitni  Ray  L.  Lyarly,  Stnlf 
En^Inatr 

(1)  Librarian 


OrIacc*-R\:»Mll  Cpseany 
Radfjiwr 

17.  -I..-  ".rk 
(iJAltf;  Kp,  iThorg"  Root, 

Chlar  f^lnaor 


011  Corp. 

Oulf  Buildtnc 

Flttaburgh  )0,  Panna.Tlvanld 
(l)/ltnt  Rr.  Charlaa  F.  Rettoaop 
Tho  Haat«X«Changor  Co.,  Ine. 
Browator,  Kaw  York 
(I)Attn>  Hr.  w,  J,  Donovan, 

Vleo  Froildant 
Hughoa  AlpepiPt  Colony 
Floronet  and  IVala  StA. 

Culvtr  City,  CtUt'orrfa 
(l}Attni  Oina  H.  John'/.-,  pir. 
Tkchnlaal  Library 
tn(traoll<Rand  Coapany 
11  Broodwoy 
Htw  York,  Naw  York 
(l)Attni  Hr.  M.  e.  Oivlaon 
Intamotlenil  Hipvtator  Co. 
Rnglntarlnc  IU«o«r«n  Ctipt. 

3.  Wtatorn  Blvd. 

^lca«o  9.  ZlUnoU 
.  )Attni  Or.  31aon  X,  Chan 
I'T*!  Clroult  Bratko:  Co. 

601  B.  Srla  Avarua 
Pttllidalphia  yu.  Fa 
U)Attnt  Mr.  AtPiton  T.  Scott 
Jack  and  Hrlntx,  Zno. 
Knglnaarlnc  Oapt.,  F]r^t  d 
Clavaland  1,  Ohio 
(lUttnt  Rra.  Mirrlat  B.  Trmilt, 
Librarian 

n.  V.  Kallocc  Cea^arty 
711  Third  Avanua 
Maw  York  17,  Ha»  York 
(l]Attni  Ik-.  F.  w.  Fata  on 
(li  Mr,  0,  F«  BaenanP'-anner 

(1)  Ik-.  Monoid  B.  F-4ilh, 

Vl«a  Fraaldanc 


Tha  Kralaal  Cc,.  Ine, 

3?9  WllllaM  Aa«mM 
Haekotioaak,  Maw  Jtraoy 
(t)Attnt  nr,  r.  Kralaal,  Jr, 
T'.;3kna«d  Alrerapt  Co. 
Tkehnlcal  Library 
Burbank,  Calirernla 
(l)Attnt  B.  L.  Naaatnfar, 

inert.  Na.  7ny 
Loekhood  Alraroft  Corp. 
Hlaalla  Syotaw  Dtvlalon 
Aorodyrwttlaa  Dapt. 

Sunnywala,  California 
(l)Attni  1^.  a.  A.  ttaood 
Li— aia  Coopany 
lb6  Naynta  Avarua 
Narrark,  Maw  >araay 
(l)Attni  itar\lar  Oreaaol, 
Fraeaa.a  Bnclnaar 

NaCulloeh  Metera  Corp. 

6101  Maat  Oantw.ry  Blvd. 

Lea  A.*«elaa  A),  Calif. 
(l)Attni  V.  1U..Peaaon,  Chtaf 
■nt.,  Alroroft 

fr^lnoa 

Trna  Marpiopdt  Corp, 

Cootrola  and  Aoeaeaorlaa  W». 
166^5  Satleoj  Straot 
Ten  Muya,  Caltfemla 
(l>Attni  M^:t  T.  Loneat 


Olatw  L.  nirtln  Coapany 
Baltlnore  J,  dryland 
(l)atlni  ».  T. 

Pro>at  1k«cTna«r 


S.-.glnearlf.g  T^pv- 
.'.05  Lev  Siruix 
Evar.aton,  111*.;- 

U-J.J  Kaplan 

Hina  Safety  Apy/.’Aipea  Co. 
.'allery  Plant 
Ltfllary,  FarrsyJ  -vilo 
(l}A'trt  Dr.  C.  B.  Jackton 
H.iln«  Manuracturlne  Co. 
1500  DaXoven  Avanua 
Raeina,  Wlaeenaln 
(l)Attni  Mr.C.T.Farklna,Frta. 
l.:>ri.Bntown  Meaearch  Carta- 
Bureau  of  Mlnea 
Horpantown,  Meat  Vlrg  r.. 
(l)A' inj  Hr.J.P.McOee 


Mortn  Anerlean  A-zt  stf-n,  Irw. 
If.tarnatlonal  Atr2,-.r. 

Lea  Angalaa  <*5,  Calif. 
(l)A»*ni  Mr.  H.  A.  Sulkln 
Farfaa  Corporation 
500  -icat  Oklahoma  Avanui 
Hllwtukaa  7.  Wlsconaln 
(l)Atrni  Pb-.  W.  W.  Sehwtd 
Sanderaon  and  Fertar 
72  Wall  Btraat 
New  York  5.  Maw  York 
(l)Attnt  Hr.S.T.Koblnaon 


snail  Davalopoant  C-a,'y>v 
taaryvllla,  Ca* tf'j aia 

(1) A*tp  \'e,  L.  N.  Oarlialt 
I ,  V,  Solth  Corp. 

.«,rtH  J7tn  Stt-.-tt 
'**lw«uxpa  1,  Wlaeoneln 

(IjAttni  l<r.  F.  k.  Ilarine 

Sola,  dlreraft  Coa^ny 
Sap  ntaifo  12,  Calirornla 

(2) Altni  ir.P.A.fltt,  CMaf 

Srtlnaar 

ID  .ir.  I.A.Drury.Fro.lact 

8^  1  na#  r ,  Dap  t .  22  7 


Stalkai  Oavalopmant  Co, 
903  Hoodslda  Avanua 
laaaxvllla,  Hlehlfan 
(llAttni  nr.  B.A. Stalker 


Hi' 


Stanford  Raaaareh  Inatltuta 
Manlo  Park,  California 
Attnt  Cr.  Mavln  X.  Klaatar 
Hr.  S.  H.  Clark 
Mr.  k«  A.  Caalar 


Scawart-warnar  Corp. 
iiia  Drovar  Straat 
Indianapolla  7. 
<2)Attnilb-.M.0.fUndaU, 

H»p.  Kaaaareh 

Sultar  Broa.  Ltd 
SO  enureh'  .Itraat 
K«v  York  7.  tork 
(l)Attnt  If.  RUhbrd  Harold 
il).Sap«inip  k'-J  Nreel,  Ino. 
CjTdlcate  Truat  Bldt. 

St.  Leula  1,  Rlaaeuri 


Heatlnehouaa  Clactrlc  Corp. 
Lister  Branch  P.  0. 
phlladalphla  13,  Pa. 
fl)Attr*  Mr.F.K.Flaehar.Mgr. 
Dav.  '^isrs. 


kesttngh/^uaa  Clactrlc  Corp. 
Appwral-:  *  napirtawnt 
f.  r*.  Boa  152b 
Plvtaturgh,  Fannaylvania 
(l)AtU>;  Mr.  Abner  Sacki 

We.tlrthouaa  lleetrlc  Corp. 
Atuceic  Powar  Divlalon 
F.  0.  Boa  1668 
Plttaburgh  30,  Pa. 

(l)Attnt  Technical  Library 
Wartlnshouaa  Clactrlc  Corp. 
Raa«-urch  Laboratory 
Seat  Plttaburgh,  Pa. 
(l)Attn;  Dr.  Stewart  Way 
Wolvarlna  Tuba  Dtvlalon 
1611  Central  Avenua 
rw-trolt  9,  Hlcl-.Igan 
(DAttnt  Mr.J.S.MoAsara, 
Technicfil  Hfr. 


Worti.lncton  Corp. 
Harrlaon  Dlvtaior 
Itorrtaon,  Maw  Je^aay 
(DAttni  nr.  Nernan  L. 

M^raon,Dlr.  o: 
Meaasroh 


YouM  Radiator  Co-’pany 
709  S.  Markuatta  St. 
Raalna,  Wlaaenaln 
(l)Attnt  fcr.  H.F.Brlhah, 
Maa.  Entlnarr 


Yuba  Conaolldatad  Induatrlaa, 

1  Buah  Streat 
San  Franelaoo,  California 
(DAttnt  K.A.Oardnar,  Vlea  Prea., 
Snclnaarlne 


(DMr.  Haeior  H.  Alkan 
906  willow  Road 
Mnlo  park,  Calif. 

(l)Dr.  W.  Bollay 
Hope  Maneh 

Santa  Barbara,  Calif. 


vDnr.  7.  A.  Broeka 
tept.  of  Air.  Kncrg. 

Cn:*.  of  CaJ.'vf.  Agp. 
•Sri^rieent  Station 
PfviR,  Callfnrtiia 

(l)Pr.ir.  Albarto  Col«bra 
'cacola  Maolonal  de  Qulelca 


(l)Mr.  E.  J.  U  Fevre 

Ovpariiwnt  of  Mechanical 
Englt'eerlng 
Queen  Mary  College 
London  E.  1.  ENGLAND 


(l)Dr.  J.  J.  HcHullen 
1116  Clinton  Street 
Hoboken,  New  Jeraey 
(DHf.  Prank  L.  Maker 
156  Moraga  Highway 
Orlnda  1,  California 

(l}Dr.  Carl  A.  Moore,  Jr. 
3507  Sunnywood  Drive 
Fullerton  1,  California 

(l)Mr.  A.  3.  Oberg 

Ml nneapo 1 1 a - Honeywe I I 
Regulator  Coapany 
Raaearch  Centtr 
500  waahlr^ton  Ave.,  So. 
Hopklra,  Rlnneaota 

(l)R.C,rerpall 

^53  wnitefox  Drive 
Paloa  Verdca  Eatetew 
California 


(DMaJor  waltar  B.  Rafart 
Aaat.  Prof,  .*  Artaanent 
Dapt,  of  Ordnanca 


(DMr.  L.f.Baundara 
P.  0.  Box  'L* 

Caraal,  Calif. 

(DW*. David  M.Sehoanfald 
Marlowl  Road 
Mew  Canaan,  Conn. 


(l}Hr,  Edward  Simona 
355  Taraval  St. 

San  Franelaeo  i6,Calif. 


(l)nr.  Richard  L.  Stena 
william  Wallaea  Co. 
Balmont,  Calif. 


(l)Nr.  Stanley  Wonr 

1126  Heat  126th  Rlro  l 
Loa  Areielta  66,  Cil';''. 


{l)6r,J,0. Wood roof, 
Chairman 

Pood  Proofttlhg  Dlv. 
Oaercla  Ixp.  Station 
Ijtparlmant.  Oeorglo 


(DMr.  V.  H.  Comtoia 
29  Brentwood  Drive 
Bloomfield,  Conneetleut 

(!)%>.  Paul  Oawaen 
8320  Saat  Oalbrlath 
Ctnatnnatl  63,  Ohio 


Sylvanla  nectrlo  Produeta.Zne. 
Electronic  Oeftnae  Lab 

r.o.  Box  20s 

Mountain  View  Callfernte 
<l)Aii"i  Litrar- 

Tkxaa  Eeatem  Tranewlaalon 

,!oXx  >617 

Shreveport,  Loulalana 
(DAltni  Mr,  C.  W.  Marvin 

The  Trane  Coi^ny 
2nd  and  Cameron  Avenuaa 
La  Croaee,  Wlaeoneln 
(2lAttn»  Ik-.  M,  C,  Rooka 
(l|  ».  I.  T.  Metffl 

(tlOnion  Carbide  Mualear  Oe, 

Oak  Rtdca  Oaaeoua  Olffualon 
A  Plant 

^Plant  Neeorda  Oepartmant 
P.  0.  Box  P 
9ak  Ridge,  TMnneeaee 
tmited  Alrereft  Corp. 

600  Min  Street 
Baat  Mrtford  B,  Conn. 

(DAttnt  1^.  Robert  C.  Sele, 

Chief  Llbrerten 
(1)  Ik-.  Med  C,  Rlee,  Jr,, 

Reneereh  Dept. 

Y!dyt  Ine. 

2620  Manover  Street 
Pale  Alto,  Calif. 
llAttnt  M.M.Mubealn 
S.B.AbbOtt 
D,C.ft-lcca 


fii 


(l)nr,  A.  J,  Ide 

Haat  Mvlalon  ,  ^ 

Meeh.  Bng.  Maaeareh  Lab 
BbAt  Wlbrldt 
near  Olaagow,  SCOTLAND 
8CND  TOl  ^  , 

Office  of  the  Aaat.  Maval 
Attaeha  for  Maaeareh 
Mivat  Attache,  Aaarlcan 
-  tobaaey  ^ 

Navy  Mo.  100,  Fleet  F.  0, 
Mew  TM-k,  New  York 
(l)lkr.  C.  N.  Ftxman 

Chief  Itorlne  gnglneer 
Code  25* 

San  Franelaeo  Maval 
Shipyard 

San  Franelao  2$,  Call/. 

(DBr.  Robert  W.  Fox 
Dept,  of  Meeh.  Engrg. 
Furdue  Oniveralty 
Lafayette,  Zndlane 

(DMf.  Ralph  M. 

r.  0.  Bon  5**,,. 

Lea  Oatoa,  Calif. 

(l)».  Albert  U  Mellday 
SSO  l^kaweed  Circle 
Melnwt  Creek,  Cellf, 

?0  laat  Street 
Steneham  80,  Mate. 

(l)Ife-,  Mil  ton  B.  Urenn 
Brpb,  of  Mach.  »«rg. 
Oregon  State  College 
eorvaXlle.  Oregon 


Veatem  Stnly  Co. 
r.  0.  Bex  imk 
^  T\i]m  1,  OklaheaM 
(l)Attni  P^.g«D.AnOeroen, 
Chief  bvlnmer 


(l)Maer  Ada.  Feel  F.  toe, 
OSS  Net. 

16^5  itonwalla  Avenua 
Lea  Altoa,  Calif. 


Best  Available  Copy 


